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INTRODUCTION 

Already in 1776 Alessandro Volta (40) described the phenomenon of 
"combustible air" emanating from aquatic muds and almost a century later 
it was Bauchop (7) who demonstrated the microbial origin of this methane 
gas. However, it lasted until 1947 before the first methanogen was 
isolated in pure culture (79). Nowadays over 40 species of methanogenic 
bacteria have been isolated in pure culture, facilitated by the use of 
Hungate's roll tube technique (42) and anaerobic glove boxes (3) as well 
as by specific discrimination methods like the epifluorescence microscopy 
based on the presence of fluorescent coenzymes in methanogenic bacteria 
(24). 
Methanogenia bacteria 
Methanogenic bacteria are living under strictly anaerobic conditions 
with redox potentials lower than -330 mV. They are present in aquatic 
environments, e.g. sediments of fresh and salt water, sewage sludge, 
paddy fields and peat bogs (78). Methane production occurs at moderate 
conditions (5), but was also observed in extreme environments such as 
temperate glacier ice (9), in hot springs with temperatures up to 970C 
(83), as well as in hypersaline environments, e.g. the Great Salt Lake 
(77) and Big Soda Lake (72). Methanogens are also encountered within 
living organisms, e.g. in the guts of various insects including the 
cockroach (13) and termites (71), in the large intestine of 50% of the 
human population (10, Van Bruggen unpublished results), in the rumen of 
ruminants (41, 92) and even in the dental plaque of primates (51). A few 
years ago, methanogenic bacteria were found as episymbionts of rumen 
ciliates (87), and recently these organisms were encountered as endosym-
bionts in the cytoplasm of all sapropelic protozoa studied so far (this 
thesis) . 
Methanogenesis may occur from a limited number of simple substrates 
according to the following equations: 
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Almost all species are capable to reduce CO2 by hydrogen, except for 
the following species: Methanothrix soehngenii, which converts exclusively 
acetate into methane (95); two strains of Methanosareina (36, 98), Methano­
lobus tindarius (53), Methanooooaoides methylutens (81) and Methanocooous 
hatophilus (96), which only convert methanol or methylated amines into 
methane. Acetate is only converted by M. soehngenii and species of the 
genus Methanosareina. 
Morphologically the methanogens exhibit a wide variety of bacterial 
forms including rods, spirilla, cocci, sarcinae and discs. They differ in 
several aspects from all other prokaryotes. The cell wall lacks murein 
(47), but contains pseudomurein (with N-acetyltalosaminuronic acid and 
L-amino acids (52) instead of D-araino acids) or consists of proteins, 
glycoprotein subunits (49) or heteropolysaccharides (48). Since murein is 
absent the methanogens are insensitive to antibiotics which block murein 
synthesis, such as penicillin. This facilitates the Isolation of 
methanogens from mixed bacterial populations (39) . Other unique characters 
are the presence of glycerol ethers of polyisoprenoid hydrocarbons and 
squalenes instead of glycerol esters of fatty acids in the cell membrane, 
differences in the oligonucleotide catalogue of 16S rRNA and in the base 
composition of t-RNA. Methanogenic bacteria also possess an almost unique 
set of cofactors which enable them to gain energy from methanogenesis. One 
of these cof actors, coenzyme Fi,2 0, exhibits fluorescence and by this forms 
the basis of a microscopical method for the discrimination of methanogens 
from other bacteria (24). Besides in methanogens, Рцго was found to be 
present in Streptomyces aureofaoiens (66), Streptomyoes grioeus (28), 
Anaaystia nidulans (27, 28), Agmenella quadruplicata (27, 28) and in 
Myaobacterium species (70). 
Because of all the described differences the methanogens were 
recognized to be phylogenetically as distant from the eubacteria as are 
the eukaryotes, and they were placed in the third primary kingdom of the 
archaebacteria (90). This kingdom also contains the extreme halophilic 
order Halobaoteriales, the thermoacidophilic orders Thermoplasmales and 
Sulfolobales and the extremely thermophilic order Thermoproteales (25, 82). 
Anaerobio mineralization 
Photosynthesis accounts for the production of 8.4 χ 10 g organic 
12 
matter per year on earth. The ratio of aerobic/anaerobic degradation is 
determined by the sedimentation rate of the particulate material to the 
anoxic layers of aquatic systems (16) or by stacking which limits oxygen 
supply. In the global carbon cycle, on molar basis, 4.5% of the organic 
matter is mineralized by anaerobic degradation to methane (86). 
The first step in the anaerobic degradation consists of the hydrolysis 
of biopolymers into their monomers followed by fermentation to various 
products as butanol, propanol, ethanol, aceton, acetate, lactate, 
butyrate, propionate, formate, methanol and CO2 (Fig. l).In the 
COMPLEX ORGANIC MATERIAL 
hydrolysis 
1 
ORGANIC MONOMERS 
acid forming bacteria 
^ 
PROPIONATE 
BUTYRATE 
LACTATE 
ETHANOL 
H 2
 » 
bactN^ 
* 
\ 
^ ^ 
г 
ACETATE 
Л 
^А 
PORMATE 
METHANOL 
CO 2 
/ / \ / 
/ /* СНц - bact 
H2 
CO 2 
OK 
bact 
СНц 
Fig. 1. Anaerobic degradation of complex organic material 
H2-bact.: Hydrogen producing bacteria 
CHit-bact.: Methanogenlc bacteria 
•k Interspecies hydrogen transfer 
13 
acetogenic/hydrogenic phase most of these products are oxidized to acetate 
by hydrogen-producing acetogens. In the last step methanogenic bacteria 
convert hydrogen plus CO2, acetate, formate or methanol to methane. It was 
estimated that 70-75% of the methane formed in sediments was derived from 
acetate (15). This conversion prevents the acidification of the ecosystem. 
Methane produced in sediments below a layer of about ten meters does not 
reach the atmosphere, but is converted to CO2 by methane oxidizing 
bacteria (26), metabolized by anaerobic bacteria (8) or is stable at 
great depths as methane-hydrates (19). So only part of the produced 
methane (101 g СНц/уг) is released into the atmosphere and contributes 
for at least 80% to the atmospheric methane concentration (1.4 ppm) (86). 
Interspeaiee hydrogen transfer 
In the acetogenic/hydrogenic phase of the anaerobic decomposition of 
organic matter several short-chain carboxylic acids and alcohols are 
converted to acetic acid, hydrogen and CO2. Some conversions with their 
t 
corresponding AG values are given in the following equations: 
acetate- + 4H2O »гнсОэ" + 4H2 + H + + 104.6 kJ 9) 
propionate-+ ЗН2О > HCO3- + acetate" + H + + ЗН2 + 76.1 kJ 10) 
butyrate- + 2H2O »2 acetate" + H + + 2H2 + 48.1 к J 11) 
ethanol + H2O > acetate" + H + + 2H2 + 9.6 kJ 12) 
AG is the free energy change under standard conditions and at pH 7.0 (85) . 
In Fig. 2 the relation between AG and the hydrogen pressure is given for 
reactions 9-12 occurring at substrate and product concentrations of 1 mM. 
The hydrogen-producing reactions are only endergonic at relatively low 
hydrogen pressures. In natural systems methanogenic bacteria may play a 
major role in the consumption of hydrogen. They perform the following 
reaction: 
4H2 + HCO3" + H + >СНц + ЗНгО AG 0 = -135.6 kJ 13) 
This reaction is exergonic at hydrogen pressures above 10" atmosphere 
(Fig. 2). Fig. 2 demonstrates that at definite hydrogen pressures both the 
hydrogen-producing and the methanogenic bacteria may profit optimally of 
the reactions involved. 
The coupling of the metabolisms of hydrogen-consuming and hydrogen-
producing organisms is named: "interspecies hydrogen transfer" (43). The 
first example of such a transfer was found when Methanobaoillus 
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Fig. 2. Effect of hydrogen pressure on free energy 
change of reactions 9-11 and 13. 
A: reaction 13; B: reaction 11; 
C: reaction 10; D: reaction 9. 
Calculations were based on the conditions ; 
pH 7.0, 250C, 1 mM НСОэ", 1 mM fatty acids, 
"XH,. 0.7 atm and P, CO 2 0.3 atm. 
omeZianskvi, isolated by Barker (6) was proven to exist of a syntrophic 
co-culture of the S-organism and Methanobaaterium bryantii (14). Growth 
of the S-organism on ethanol required obligate proton reduction to dispose 
electrons at very low Hz levels which were established by the methanogen. 
Since that time several other obligate proton reducing bacteria have been 
described which grow in syntrophic association with hydrogen consuming 
sulphate reducers or methanogenic bacteria. Syntrophomonas wolfei (67) cmd 
Syntrophobacter wolinii (11) are examples of bacteria growing only in co-
culture with a hydrogen-consuming bacterium on butyrate or propionate, 
respectively. Zinder and Koch described the enrichment of a co-culture 
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in which one organism oxidizes acetate to CO2 and H2, while a thermophilic 
methanogen subsequently converted the products to methane (97). As a 
result of interspecies hydrogen transfer higher growth yield may be 
obtained. This was shown for Ruminocoecus albus. In a monoculture R. albus 
ferments glucose to ethanol, acetate, hydrogen and carbon dioxide (43). 
However, in a syntrophic co-culture of R. albus and Vibrio succinogenes, 
R. albus is able to oxidize NADH by forming H2, since V. succinogenes 
maintains a low H2 pressure necessary for equation 14 to becom exergonic. 
NADH + H+ ».NAD+ + Hz àG° = 19.3 kJ 14) (91) 
As a result of the interspecies hydrogen transfer R. albus generates 
acetate, instead of ethanol, resulting in a higher ATP yield. 
Hydrogen transfer between protozoa and methanogens 
For 11 species of rumen ciliates belonging to nine genera of the family 
Ophryoscolecidae an episymbiotic association with methanogenic bacteria 
was described (87). This association was studied in the rumen fluid of a 
fistulated sheep. After flushing of the rumen content with N2/CO2 a 
relatively high frequency of association was observed, whereas flushing 
with H2/CO2 caused a detachment of the methanogenic bacteria from the 
ciliates (84). The same results were obtained with an in vitro monoculture 
of the rumen ciliate Eudiplodinium maggii (Van Bruggen, unpublished 
results). Since hydrogen production by rumen ciliates has been described 
by several authors (1, 41, 75, 89) the described results indicate an 
interspecies hydrogen transfer between the rumen ciliates and methanogenic 
bacteria under conditions of relatively low external hydrogen pressure and 
are the first description of hydrogen transfer between protozoa and 
methanogenic bacteria. In accordance with the results described rumen 
ciliates were found to contain spherical or elongated microbody-like 
organelles surrounded by a membrane. Those organelles were isolated and 
biochemical characterization revealed the presence of pyruvate synthase 
and hydrogenase, indicating the conversion of pyruvate into acetyl-CoA 
plus H2 and CO2: they were named hydrogenosomes (80, 93, 94). A metabolic 
map for the rumen ciliate Dasytricha ruminantium as proposed by Yarlett 
et al. (94) is given in Fig. 3. 
Hydrogenosomes are not exclusively present in rumen ciliates. They 
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were first reported and extensively investigated in trichomonad flagel­
lates (69), Tritviahomonas foetus (64) and Triahomonas vaginalis (65). 
However, no association of these flagellates with methanogenic bacteria 
was observed (Van Bruggen, unpublished results). 
Parallel to the interspecies hydrogen transfer between the rumen 
ciliates and episymbiotic methanogenic bacteria, an intracellular hydrogen 
transfer is supposed to exist in sapropelic protozoa, since all 
investigated sapropelic protozoa were found to contain methanogenic 
bacteria together with putative hydrogen-delivering organelles or co-
symbionts. These results are presented in this thesis. The sapropelic 
protozoa investigated will be introduced in the next sections. 
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The sapropel 
The term "sapropel" was for the first time introduced in 1901 by 
Lauterborn as "sapropelische Lebewelt" (55) . The sapropel is an ecosystem 
which can be found on the bottom of fresh or marine waters containing an 
anoxic layer of decaying plant material together with high concentrations 
of hydrogen sulfide. Sapropel-containing fresh water ponds, lakes, ditches 
or swamps have several similarities (45, 56). The presence of trees or 
plants in the vicinity of the water will deliver organic material in 
autumn and protects the water for intense illumination and oxygenic 
photosynthesis. Moreover, the water surface is often covered with aquatic 
plants, like Lema and Utriaulam-a. The water is stagnant, leaves and 
plant material are present in various stages of decomposition in deeper 
layers of the water. 
The marine sapropel, usually called sulphuretum (9Θ) or sulfide biome 
(35) was designated by Baas Becking in 1925 (4). Just like the fresh water 
sapropel, the sulphuretum is not well studied. This is illustrated by 
Fenchel who stated: "The marine sapropel is about completely ignored by 
biologists. They traditionally consider this black zone as azoic, since 
it is anaerobic and contains toxic compounds such as hydrogen sulfide, 
and they have usually taken great care not to include H2S-smelling 
sediments in their field samples" (35). Fenchel and coworkers contributed 
largely to the better understanding of the processes occurring in the 
sulfide biome (32, 35). Three distinct layers can be recognized in a 
marine sediment. Close to the surface the sediment is yellow due to the 
presence of ferric irons and it contains free oxygen. The redox potential 
(Eh) is high, 200 - 400 mV. Below this zone the sediment layer becomes 
gray and Eh decreases quickly from positive to negative values; this zone 
is called the RPD- (redox potential discontinuity) layer. The deepest 
layer is the "black zone" or "sulfide zone"; the black color is due to the 
presence of iron sulfide, oxygen is totally absent and Eh varies between 
-100 and -250 mV, due to the presence of large amounts of H2S. Thus the 
sulphuretum is dominated by the sulphur cycle: sulfate reduction seems to 
be the dominating process carried out by Desulphovibrio species. The 
sulphuretum is world-wide distributed and underlies the oxidized layers 
of all porous sea bottoms, especially in connection with high amounts of 
drift-weed in sheltered localities (35). 
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In both described marine and fresh water ecological niches a community 
of sapropelic protozoa develops, viz. species of Metopus, Caenomorpha, 
Plagtopyla, Braahonella, Lacrymaria, Pelomyxa and Mastigella. 
Almost all the literature concerning the sapropelic protozoa deals with 
the morphology of the protozoa and the ecology of the sapropel system. No 
studies were found concerning the physiology of sapropelic protozoa; this 
is probably correlated to the fact that they were never obtained in 
culture. 
Some of the protozoa are studied more extensively in this thesis and 
will be introduced in the next sections. 
Metopus striatus MaMurriah (68) 
All eight Metopus species described by Kahl as "group four" (46) were 
regarded by Jankowski as synonyms of M. striatus (44). According to 
Jankowski (44) M. striatus is, in well fed condition, a rhomboid or 
triangular brownish ciliate, flattened dorsoventrally, with rounded 
anterior and acute to elongated posterior extremities. It has a size of 
80 - 95 χ 33 - 46 um; some specimens reach 130 um in length. A short 
taxonomie description is given in Table 1. Cultivation of the ciliate was 
not reported. 
The presence of intracellular bacteria in sapropelic ciliates was 
already described in 1909 by Fauré-Fremlet (29) as regular arranged 
bacteria in the food vacuoles. He suggested that these bacteria are not 
eaten by the animal, but live endosymbiotic. A description of endosym-
biotic bacteria present in M. striatus was not found in the literature, 
however Liebmann (61, 62) described numerous living bacteria in Metopus 
Table 1. Taxonomie position of Metopus according to Corliss (20) 
Phylum 
Class 
Subclass 
Order 
Suborder 
Family 
Genus 
Species 
Species 
Ciliophora 
Polyhymenophora 
Spirotricha 
Heterotrichida 
Heterotrichina 
Metopidae 
Metopus 
Metopus striatus 
Metopus contortus 
Doflein, 1901 
Jankowski, 1967 
Bütschli, 1889 
Stein, 1859 
Stein, 1859 
Kahl, 1927 
Claparède et Lachmann, 1858 
McMurrich, 1884 
Quennerstedt, 1867 
species located bundle-like together in vacuoles or spread throughout the 
cytoplasm. He suggested that part of the bacteria live as symbionts in the 
cytoplasm; during the life of the ciliate the symbionts were ingested by 
food vacuoles and subsequently digested. Meanwhile, new bacteria could be 
taken up from the outside and could become symbiotic. In a subsequent 
study Liebmann described that accurate observations on preparations of 
squashed ciliates revealed that all investigated sapropelic ciliates of 
the "Bleilochsperre" contained rod-like bacteria in the cytoplasm (63). 
In Chapter 2 of this thesis the endosymbiotic bacteria of M. striatua are 
proven to be methanogens, whereas in Chapter 3 the isolation of one of the 
endosymbionts in pure culture and the identification are reported. 
Metopus contortus Quennerstedt (76) 
M. oontortus is an inhabitant of the sapropel of marine sediments. 
According to Borror (12) its dimensions are 100 - 112 χ 42 - 56 gm. It 
feeds on purple sulphur bacteria (46) and colourless bacteria (33) . The 
ciliate congregates in regions with high bacterial concentrations (12). 
Cultivation of the ciliate has not been reported. A short taxonomie 
description is given in Table 1. 
Fenchel studied M. oontortus in more detail (34) . He described the 
presence of about 28,000 extracellular rod-shaped bacteria on the pellicle 
of the ciliate. Moreover, the ciliate was reported to contain bacteria-
like particles in vacuoles within the cytoplasm. No mitochondria were 
present and the cells showed a negative reaction in a cytochrome oxidase 
test. Fenchel described the presence of microbodies: membrane-bound 
organelles were observed with a quite homogeneous granular matrix 
associated with the endoplasmic reticulum. Occasionally the microbodies 
formed complexes with smaller associated bodies whose matrix was 
distinctly more heterogeneous. 
In Chapter б of this thesis the presence of endosymbiotic methanogenic 
bacteria in M. oontortus will be described together with their isolation 
and characterization. 
Pelomyxa palustris Greeff 
The first description of P. palustris under the name Pelobius dates 
from 1870. It received its present name in 1874 (31) and it is the only 
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Table 2. Taxonomie position of Pelomyxa palustris according 
to Page (7Z) 
Phylum Sarcomastigophora Honigberd et Balamuth, 1963 
Subphylum Sarcodina Hertwig et Lesser, 1Θ74 
Superclass Rhizopoda von Siebold, 1845 
Class Lobosea Carpenter, 1861 
Order Pelobiontida Page, 1976 
Family Pelomyxidae Schulze, 1877 
Genus Pelomyxa 
Species Pelomyxa palustris Greeff, 1874 
species of the genus Pelomyxa (Table 2). P. palustris is a giant amoeba, 
it has a size of less than 100 to 4000 ym. The cells are multinucleate 
(the nucleus has a diameter of 8 - 18 ym) (73). Nuclear division appears 
to be by a kind of budding, but precise details are unknown (22, 57). The 
cytoplasm is highly vesicular and vacuolated and contains glycogen bodies 
and few ribosomes. P. palustris is considered to be one of the most 
primitive eukaryotic organisms living today (21, 88), since golgi bodies, 
mitochondria, a contractile vacuole, microbodies, and any "9 + 2 " 
organelle are absent. A kind of endoplasmic reticulum exists as a limited 
tubular network restricted to the perinuclear regions (2). 
P. palustris is present in fresh water sapropel during the whole year, 
however the highest numbers were found in autumn or spring. The number of 
cells is variable; Dejdar (23) found them in November in such large 
numbers that the upper layer of the mud was covered with the organisms. 
Cultivation of the amoeba is difficult, and until now no reliable method 
has been reported (18, 54). The amoeba is described as herbivorous, since 
it ingests various algae, pieces of plant leaves and wood fibers (54), 
however also fragments of microcrustacean exoskeleton, rotifers, mineral 
grains or anything else present in the mud are ingested. 
Much attention has been paid to the presence of endosymbiotic bacteria 
since Greeff reported in 1874 the presence of small hyaline rods composed 
of organic material inside the Pelomyxa cell (31) . Pénard was the first 
who mentioned the presence of endosymbiotic bacteria in Pelomyxa (74). 
Since that time several bacteria were claimed to be isolated from P. 
palustris. Gould-Veley was the first who claimed an isolation and she 
named the organism Cladothrix pelomyxae (30). In 1924 Leiner distinguished 
two types of endosymbionts, a thick- and a thin-type (57). Several years 
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later Keller described the isolation of two types of bacteria, Myxoaoaaus 
pelomyxae and Bacterium parapelomyxae (50); he supposed that Cladothrix 
was the fruiting body of M. pelomyxae. In later studies Leiner (58, 59) 
stated that the thick cells developed by fusion of two thin cells. The 
thin types were present throughout the cytoplasm, whereas the thick type 
was found around the nuclei. Leiner described also an isolation and 
stated that the endosymbiont is essential for the host, since P. palustris 
was never found without bacteria (59). He demonstrated the presence of 
cytochrome oxidase in the endosymbionts and concluded that the bacteria 
contain a respiratory system and could replace part of the function of 
the mitochondria which were found to be absent (57a). Electron 
microscopical studies of Chapman-Andresen (17) and Whatley (88) revealed 
the presence of a thick endosymbiont with a Gram-positive cell wall and 
two slender bacteria being Gram-positive and Gram-negative, respectively 
(17, 88). The thick type possessed a peculiar axial cleft. Recently, the 
two slender-type endosymbionts were Identified as methanogenic bacteria 
(Chapter 2 of this thesis). The isolation and identification of one of the 
methanogens is described in Chapter 4. 
Mastigella species 
Mastigella is a genus of amoeboid flagellates. These amoebae contain 
one or more flagellae and the flagellar origin is essentially not connec­
ted to the nucleus in contrast to the genus Mastigamoeba (37, 60). The 
Mastigella species studied in Chapter 5 was not unequivocally identified, 
but most resembled Mastigella vitrea (Order, Pantostomatinae; family, 
Rhizomastigaceae, Lemmermann (60). 
M. vitrea was described by Goldschmidt (38). It is an amoebaflagellate 
with a diameter of 125 ym and contains one nucleus with a diameter of 35 
μιη. The ectoplasm is hyaline with numerous pointed or blunt erupting 
pseudopodia. The endoplasm is granular and normally contains many ingested 
plant particles. The cells possess a short flagellum with a small knob at 
the end, which shows sweeping and curling movements. Goldschmidt already 
reported the presence of endosymbiotic bacteria, which he noticed to be 
similar to the endosymbiotic bacteria described for P. palustris. 
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Outline of this thesis 
Chapter 2 is the first report on the presence of methanogenic bacteria 
as endosymbionts in sapropelic protozoa. In Chapter 3 the isolation of a 
methanogenic bacterium from the fresh water ciliate Metopus stviatus is 
described, whereas in the Chapters 4 and 5 two sapropelic amoebae are 
studied in more detail. From Pelomyxa palustris one of the methanogenic 
endosymbionts was isolated, furthermore, a Mastigella species was found 
to contain similar endosymbionts as P. palustris. Chapter 6 deals with 
the isolation of a new methanogenic species, Methanoplanus endosymbiosus, 
isolated from the marine sapropelic ciliate Metopus aontortus. 
A preliminary investigation to the contribution of endosymbiotic 
methanogenic bacteria to the anaerobic degradation of organic material as 
compared to the activities of free-living methanogens is given in Chapter 
7. 
General conclusions and discussions are given in the final Chapter, 
followed by a summary. 
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Abstract. Fluorescent bacteria were demonstrated to be 
abundantly spread as single cells throughout the cytoplasm of 
the giant amoeba Pelomyxa palustris, the sapropelic ciliale 
Metopus stnatus and six other anaerobic protozoa examined 
The endosymbionts of Ρ palustris and M striatum were 
identified as methanogenic bacteria on the basis of the 
presence of the deazaflavin coenzyme р4 2 0 and the pterin 
compound Рз42 Moreover individuals of Ρ paluitrn produ­
ced methane over a long period of incubation The number of 
methanogenic bactena was above 10'° cells/ml protozoal 
cytoplasm Two types of methanogenic bacteria together with 
unidentified thick bactena were found in Ρ palustris 
The physiological background of this endosymbiosis and 
its functioning in degradation processes in the anoxic en­
vironment are discussed 
Key words: Coenzyme F 4 Compound Fj 
Endosymbiosis - Interspecies Η2-lransrer - Methane prod­
uction — Methanogenic bacteria — Metopus stnatus — 
Pelomyxa palustris — Sapropelic protozoa — Urkaryotes 
Many species of protozoa live in habitats in which oxygen is 
scarce or even absent, e g the abates in the paunch of 
ruminants and in putrefying sludge rich of hydrogen sulfide 
(sapropel) In both habitats the protozoa are associated with 
bacteria in the rumen of cows and sheep the entodimomorph 
alíales exhibit an episymbiotic association with methano-
genic bacteria which arc attached to the surface of the oliate 
cell (Vogels et al 1980, Stumm et al 1982) The bacteria could 
be identified according to Doddema and Vogels (1978) on the 
basis of the presence of the fluorescent coenzyme F420 and 
compound Рз42, both found specifically in methanogens (Einch et al 1982, Gunsalus and Wolfe 1978) Endo-
symbiotic bactena associated with sapropelic ciliates and the 
giant amoeba Pelomyxa palustris were described before 
(Chapman-Andresen 1971, Liebmann 1917, Renard 1902), 
but the identity of these bacteria and their significance for the 
eukaryotic partner could hitherto not be established 
The results of this study show that at least part of the 
endosymbionts of sapropelic protozoa are methanogenic 
bacteria The role of these protozoa as carriers of methano­
genic bacteria in natural habitats will be discussed 
Offprint requests to G D Vogels 
Materials and methods 
Source of protozoa 
Ciliates and amoebae were studied m sapropel samples taken 
trom 10 different ponds located near Nijmegen and from a 
200-1 aquarium in the laboratory The aquarium was used as 
the main and continuous source of cells of Metopus stnatus 
and Pelomyxa palustris, but the other sapropelic organisms 
listed in Table 1 were also observed in this aquarium, except 
for Caenomorpha иітепаііч The organisms were identified 
according to Bick (1972), Jankowski (1964), Kahl (1940) and 
Page (1976) 
Microsc apical procedures 
The presence of methanogenic bacteria was delected by 
means of Leitz epifluorcsccncc microscopy according to 
Doddema and Vogels (1978) Fluorescence faded away after 
about 1 mm, in accordance to observations made with 
various methanogens in pure culture, but in contrast to 
observations with the methanogenic episymbionts in the 
rumen which did not exhibit significant fading (Vogels el al 
1980) Under circumstances of epifluorcsccncc observations 
many sapropelic protozoa quickly changed their shape and 
subsequently died, fixation with a mixture of 12 mg formalin 
and 1 mg glularaldchyde per ml was used satisfactorily to 
allow photomicrography Fixing solutions containing os­
mium tetraoxide or mercury(II) chloride destroyed fluores­
cence very rapidly 
Estimation of the volume of Ρ palustris individuals was 
done by measuring the diameter of cells, which had rounded 
after pipetting In order to calculate the volume of M stnatus 
the cells were assumed to have the shape of a cone 
Endosymbiotic bacteria were freed by homogemzation of a 
Ρ palustris individual and were counted m a Burker-Turk 
counting chamber (W Schreck, Hofheim/Ts, FRG) with 
phase-contrast and epifluorcsccncc microscopy Endo­
symbiotic bacteria of M stnatus were counted in squashed or 
smeared cells, either directly by means ofepifluorescence and 
phase-contrast microscopy or after drying and Gram-
stainmg 
Extraction and identification of coenzymes 
Cells of M stnatus were collected with a pipette and 
transferred through three changes of 10 mM NajHPOJ 
ΚΗ2Ρθ4 buffer pH 7 0 Subsequently the ciliates were 
collected in 2 ml of the buffer and boiled for 15 min in a water 
bath After cooling to room temperature the sample was 
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mixed with 2 ml acetone, shdken vigorously for 2 min on a 
Vortex mixer and centnfuged for 5 mm at 9,700 χ g 
Subsequently the pellet was extracted with 200 μΐ acetone, 
centnfuged and extracted twice with 80 % aqueous methanol 
for 30 mm at 80° С The pooled supernatants were flash 
e\aporaied and dissolved in 2 ml 10 mM potassium phos­
phate buffer pH 8 0 The identification of coenzyme F42o
 a nd 
compound Рз4 3 in this buffer was performed by means of 
fluorescence spectroscopy Individuals of Ρ palustris were 
collected and washed three times with 10 mM ЫазНРО^ 
KHjPOä buffer pH 7 0 The cells were disrupted by means of 
an Elvehjem-type potter tube m 0 2 ml buffer and boiled for 
15 min in a water bath After cooling to room temperature the 
extraction and identification procedures were done as de-
scribed for M slnatus 
Analytical proi edures 
Fluorescence spectra were recorded with an Aminco SPF-500 
spectrophotofluonmeter Methane was determined by gas 
chromatography and ethane was used as internal standard in 
the incubation mixtures (Hutten et al 1981) Thin-layer 
chromatography was performed on plastic Kiesclgel-60 
plates by development with a solution of butanol-1,acetic 
acid/water (4/1/1, v/v) Coenzyme ?ll0 could be detected on 
irradiation with long wave (365 nm) ultraviolet light A Wa-
ters Liquid Chromatograph, equipped with а 10-дт C l e 
LiChrosorb-RP 18 (Merck, Darmstadt, FRG) column, was 
used for HPLC identification of coenzyme Г4 2 0 and com­
pound Рз42 The mobile phase was 25 mM acetic acid 
adjusted with KOH to pH 6 0 A 10-min linear run was 
performed and involved the increase from 0 to 25 % methanol 
in the 25-mM acetate buffer (Van Beelen et al 1983) 
Coenzyme р420 and compound Рз42 were detected in the 
eluent by means of an Ammco-Bowman spectrophoto­
fluonmeter with excitation wavelengths of 400 nm and 
355 nm, and emission wavelengths of 470 nm and 440 nm, 
respectively 
Materials 
Kieselgcl-60TLC plates were from Merck, Darmstadt, FRG 
Coenzyme F4 2 n was isolated from Methanobactenunt bryantu 
by A Pol from our department Compound Рз42 was isolated 
from Methanobactenum thermoautolrophicum strain /IH by 
J Τ M Keltjens from our department 
Results 
Endosymbiotic fluorescent bacteria m protozoa 
Epifiuorescence microscopy with fillers that allow detection 
of coenzyme F,^ ,, and compound Рз42 (Doddema and Vogels 
1978) is now a well-established method to detect methano-
genic bactena in complex ecosystems This method was used 
to examine the presence of methanogenic bacteria in various 
living protozoa The results ol this study are presented in 
Table 1 The giant amoeba Pelomyxapalustris and the ciliated 
protozoa from anoxic putrefying sludge (sapropel) were 
found to contain always a large number of intracellular 
bactena which exhibit the typical bluish-green fluorescence 
strongly indicative for coenzyme F420 and compound Рз42 of 
methanogenic bacteria Only the few cells of Loxocephabs 
luridus found in one sapropel sample were devoid of fluores-
ТаЫе 1. Protozoa" examined Tor the presence of Duorescent 
endosymbionts 
Fluorescent endosymbionts Fluorescent endosymbionts absent 
present 
Brachonella spiralis* (Smith) 
Jankowski 
Caenomorpha medusula* Perty 
Caenomorpha uniseriahs* 
Levander 
Lacrymana cucumis0 * Penard 
Metopus es* О F M 
Melopus laminanus* Kahl 
Metopus slnatus* McMumch 
Pelomyxa palustri*;* Grccff 
С ysts of Pelomyxa palustris* 
Actmosphaenum eichhorm Ehrenb 
Amoeba proteus Leidy 
Askenasia volvox Claparede 
Coleps hinus ( O F M ) Nilzsch 
Euplotes patella ( O F M ) Ehrenb 
Frontonm leucas Ehrenb 
Hemiophryt pleurosigma Stokes 
Loxocephalus lurulus* Eberhard 
Paramecium caudalum Ehrenb 
Spirostomum ambiguum ( O F M ) 
Ehrenb 
Stentor polymorphus ( O F M ) 
Ehrenb 
Urocentntm turbo ( O F M ) Diesing 
Vorticella campanula Ehrenb 
a
 Sapropelic protozoa are indicated by an asterisk 
b
 Tentatively identified 
cent bactena Protozoa from non-polysaprobic habitats 
never showed the presence of fluorescent symbionts The 
fluorescent bacteria were abundantly spread as single cells 
throughout the cytoplasm of the ciliates, in contrast to the 
methanogenic episymbionts of rumen ciliates which form 
chains on the cell surface (Stumm et al 1982) The micro-and 
macronucleus, and contractile vacuole were obviously free of 
fluorescent rods (Figs 1, 2) 
Two protozoa were chosen for further studies The cihate 
Metopus slnatus was chosen because of the consistent occur­
rence in great numbers The giant amoeba, Ρ palustris, was 
chosen because of its dimensions 
The endosymbiotic bacteria of Ρ palustris were first 
described by Greeff (1874) He considered them as rods 
composed of organic substances, subsequently Penard (1902) 
suggested that they were symbiotic bacteria Leiner (1967) 
and Chapman-Andresen (1971) demonstrated that Ρ pal­
ustris contains Gram-positive and Gram-negative slender-
type and Gram-positive thick-type endosymbiotic bacteria 
On companson of phase-contrast and fluorescence photo­
micrographs we found that the two slender-type rods showed 
fluorescence, whereas the thick rods did not exhibit a distinct 
fluorescence (Fig 3) Cysts of Ρ palustris were regularly 
found in sapropel samples from the aquarium Also the cysts 
contained the thick and slender-type endosymbionts, of 
which the latter showed clearly perceptible fluorescence 
The numbers of fluorescent bactena present in M slnatus 
and in the Ρ palustris individual, which was used in the 
coenzyme extraction described hereafter, were estimated to be 
2,000 and 9 8 χ 10e per cell, respectively In this Ρ palustris 
individual also 2 4 χ 108 cells of the thick bactena were 
present, but the ratio between the slender and thick bacteria 
was not a constant value for all Ρ palustris individuals 
examined The numbers of fluorescent bacteria expressed per 
ml cytoplasm were in the same order of magnitude in both 
protozoa (Table 2), and equals the packing of bactenal cells in 
highly populated bactenal ecosystems such as the cecum or 
the rumen 
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Fig. la, b. Meiopus slrialus. fixed ceti a Phase contrast, b same field. 
epifluorescence. The methanogemc bacteria appear as slender, brightly 
fluorescent rods Becauseof the small depth of field most bacteria are out 
of focus The big round bodies m the middle and distal parts of the cell are 
the macronucleus and the vacuole, respectively. Bar represents 15 pm 
Methane production by P. palustris ami M. sinaius celis 
One washed individual of Ρ palustris was incubated at room 
temperature in aquarium water under an atmosphere of 80 °0 
N 2/20°„ C 0 2 . The cell produced methane at a rate of 
0.25 цтоі/Ь for a period of 4 days in the absence of added 
substrates, whereas a control with aquarium water alone 
showed no CH4 production under these conditions (Fig. 4). 
The /"./»a/ujinj individual, which had a volume of 54 ^tlas 
measured after the experiment, had delivered a total of 550 μΐ 
(ΓΗ,,ιη 4days. probably at the expense of reserve material of 
the cell. Preliminary experiments indicated that the specific 
production (ml methane/ml individual) was fourfold higher 
on anaerobic incubation of P. palustris individuals in a 
mixture of sapropel and water taken from the aquarium and 
buffered with 1 mM N a j H P C V K H j P O a buffer pH 7.0. In a 
control mixture, which did not receive P. palustris cells but 
was otherwise treated in the same way, methane production 
was more than 20 times lower. During the incubation of 
P. palustris floating individuals with attached gas bubbles 
were observed. 
When 1.200 cells of M. striatus were incubated at room 
temperature in aquarium water no methane production could 
be detected over a period of 2 days neither under anaerobic 
nor under aerobic conditions: the amount of methane was 
probably below the detection limit due to the relatively low 
number (about 2.4 χ IO6) of methanogemc cells present. 
Coenzyme extraction and identification 
One large individual of Ρ palustris with a diameter of 5.4 mm, 
equivalent to a volume of 82 μΐ, was used to determine the 
presence and quantity of coenzyme ¥4
го
 and compound Fj,,, . 
Coenzyme F 4 2 0 obtained by extraction of this individual 
showed an excitation spectrum with peaks at 255. 270, 299 
and 420 nm and an emission maximum at 472 nm (Fig. 5). 
The location of these peaks is identical to those reported for 
the coenzyme from methanogenic bacteria (Einch et al. 1979). 
Compound F , 4 2 obtained by the extraction had an excitation 
spectrum with peaks at 282 and 354 nm and an emission 
maximum at 440 nm (Fig. 6). These values are identical to 
those reported for compound F,4 2 of Methanohactenum 
thermoautotrophicum (Gunsalus and Wolfe 1978). The 
amounts of coenzyme F 4 2 0 and compound F 3 4 2 were de­
termined by comparison of the fluorescence with standard 
solutions and the results are given in Table 2. The extract 
obtained from P. palustris was also subjected to HPLC 
analysis which revealed the presence of two fluorescent 
compounds with the same retention time as authentic coen­
zyme F 4 2 0 (11.27 min) and compound ¥уц (10.10 min). Also 
TLC analysis demonstrated the presence of coenzyme F4 2 ( l 
with the same R f-value (0.10) as authentic coenzyme F 4 2 0 . 
One thousand cells of Л/. striatus were washed and 
extracted with acetone and methanol to determine the 
methanogen-specific compounds fluorimetrically. The ex­
tracted coenzyme F 4 M showed an excitation spectrum with a 
peak at 420 nm and an emission maximum at 471 nm. Minor 
excitation peaks in the spectral region of 250 — 300 nm could 
not be located exactly due to the small amount of coenzyme 
F 4 2 0 obtained from the cells. The extracted compound Рз4 2 
showed excitation peaks at 279 nm and 355 nm and an 
emission maximum at 447 nm. The contents of coenzyme 
р 4 2 0 and compound щ are given in Table 2. If 1 g dry 
weight of methanogenic endosymbionts is equivalent to 6 
χ 10 ' 2 cells, a value reported for other methanogens by Balch 
and Wolfe (1979), then the bacterial contents (μηιοί g dry 
weight ') of coenzyme F 4 2 0 are 0.95 and 10.8 and of 
compound Е
ы 2 9 and 96 for the endosymbionts of P. 
palustris and M. striatus, respectively. The calculated contents 
of coenzyme F 4 2 0 are in accordance with values reported for 
pure cultures of methanogenic bacteria (binch et al. 1979). 
Free living methanogens in sapropel 
The search for methanogenic bacteria associated with sapro­
pelic protozoa, involved the examination of many sapropel 
samples from various sites by means of epifluorescence 
microscopy. As a result of these studies the paucity of free-
living methanogenic bacteria was obvious. The methanogens 
appeared to be almost exclusively present within the pro­
tozoa, which in fact look like swimming and crawling colonies 
of methanogenic bacteria. 
Discussion 
Intracellular bacteria in certain sapropelic protozoa have 
been known for many decades (Gould-Veley 1905. Kahl 
1930- 1935; Liebmann 1936, 1937; Penard 1902). The early 
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Fig. 2a, b. Caenomorpha nudusula. fixed cells a Phase contrast, b epifluorescence. cell slightly squashed, therefore most fluorescent endosymbionts 
are in focus The fluorescent granules are probably lipid droplets Bar represents Ι5μηι 
observers merely mentioned the presence of bacteria and 
described them as being symbiotic. Liebmann (1936) con­
cluded from staining experiments that the intracellular rods 
were living bacteria; he suggested that they might function as 
spare food for the cihates. Fenchel et al. (1977) performed 
electron microscopical studies on bacterial ecto- and endo­
symbionts of cihates from anoxic, marine sediments. They 
speculated that metabolic end products of the ciltates may be 
utih7ed by the bacteria for energy-yielding processes and 
growth 
Whatlcy (1976) pointed to the fact that the thick-type 
endosymbiont in Pehmyxa palustris had certain structural 
elements in common with Methanospirillum hungatei. She 
suggested the possibility of a methanogenic thick-type en­
dosymbiont However, the thick endosymbiont is Gram-
positive and considerably thicker (0.8 μνη) than the Gram-
negative M. hungatei which has a diameter of about 0.4 μνη. 
Furthermore we showed, that the thick endosymbiont did not 
show the typical fluorescence expected for M hungatei and 
was probably not a methanogenic bacterium Remarkably, 
the suggestion for the presence of methanogenic bacteria in 
P. palustris was, literally, near to the point. 
We demonstrated in this paper that both other endo­
symbionts, described previously (Chapman-Andresen 1971) 
as being Gram-negative and Gram-positive slender rods, are 
methanogenic bacteria. 
Our conclusion is based on the following observations. 
1 Both slender endosymbionts of Ρ palustris showed the 
typical fluorescence due to the presence of coenzyme F42Q and 
compound Рз 4 2 , whereas the thick cells did not. 
2 Coenzyme F42o could be extracted from P. palustris 
cells. It was identified on the basis of the fluorescent 
properties, HPLC-analysis and TLC-chromatography. 
3. Compound F3 4 2 could be extracted from Ρ palustris 
cells and was identified on the basis of the fluorescence 
spectrum and HPLC-analysis. 
4. The presence of the methanogenic bacteria was evident 
from CH4 production by a cell of P. palustris m the absence of 
added substrate. Similar observations were made on the 
endosymbionts of Metopus strialus, but is was not yet possible 
to demonstrate methane production with these protozoa. 
The different location of methanogenic bacteria in sym­
biosis with anaerobic cihates needs further discussion. By 
converting H
 2 plus C 0 2 into methane methanogens remove 
electrons from the ecosystem and allow the course of 
oxidative reactions at the expense of hydrogen production by 
other anaerobic organisms. This interspecies ^-transfer 
(Wolm 1979) is most probably the physiological background 
of the symbiosis of methanogens with anaerobic cihates. The 
episymbiotic interaction as encountered in the rumen (Vogels 
et al. 1980; Stumm et al. 1982) appears to be related to 
ecosystems in which plant material is densely packed and 
buffered by the feeding animal. In such ecosystems hydrogen 
emerges both from the cihates and from bacteria in the 
interstitial fluid. The strength of these local hydrogen sources 
may alter during the process of digestion. 
The hydrogen-consuming methanogens appear to change 
place rather quickly in response to such alterations and the 
extent of episymbiotic association vanes as a function of the 
feeding regime (Stumm et al. 1982). In ecosystems with a low 
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Fig. За, b. Thick- and slender-type endosymbiotic bacteria o{ Ρclomyxapalustris, a Phase contrast: bsame field, epifluorescence. Only the slender bac­
teria exhibit fluorescence. Bar represents ΙΟμπι 
Table 2. Quantification of methanogenic bacteria, coenzyme Ρ 4 2 0 
compound Fj 4 2 in Peiomyxa palustris and Metopus striatus 
P. palustris M. striatus 
Cell volume (ml)' 
Methanogenic bacteria (ml ') 
Thick-type bacteria (ml' ') 
Coenzyme F420 (nmol ml"1) 
Compound Fj 4 2 (nmol • ml"1) 
8.2 xlO" 2 " 
1.2x10'° 
2.9 χ 10' 
1.9 
IH 
5.0 xlO" 8 
4 xlO1 0 
72' 
640' 
ml cytoplasm 
A large cell was used ; the cell volume of avcragcly sized cells is about 
0.3 μΐ 
Measured in the extract of 1,000 cells 
supply of food the transfer of hydrogen (or other substrates) 
over any distinct distance strongly reduces advantages of 
interspecies metabolic interactions; this disadvantage was 
discussed by Robinson and Tiedje (1982) as mass transfer 
resistance. In such circumstances, as may be encountered in 
sapropelic systems such as mud and paddy fields an other 
strategy is requested : endosymbiosis must be the preferred 
solution in order to profit optimally from metabolic 
interactions. 
The functioning of endosymbiotic methanogens as elec­
tron sinks related to energy production may be compared 
- го 
Pelomyii pilustns prrsrnr 
Ptiomyn palustris ibsent Irontrolt 
Time | h | 
Fig.4. Methane production by one Реіотука palustris individual (vo­
lume 54 μΐ) present in aquarium water at room temperature under an 
atmosphere of 800
o
 N¡/20 00 C02 al a pressure of 203 kN/m2. Symbols: 
О P. paiuslns present: · P. palustris absent (control) 
with the role of mitochondna in aerobic, eukaryotic cells. 
Consistently, P. palustris does not contain mitochondria 
(Danielsetal. 1966; Leinerand Wohlfeil 1953), and also other 
anaerobic protozoa are reported to contain no or degenerated 
mitochondria (Fenchel et al. 1977; De Puytorac and 
Rodrigues de Santa Rosa 1976). Interestingly, methanogenic 
bacteria share with mitochondria the rather unique pos-
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Fig 5 Fluorescence excitation and emission spectra of coenzyme F420 
extracted from Pelomvxa palustris by means of acetone and methanol 
and dissolved in 10 mM potassium phosphite buffer pit 8 0 The 
excitation wavelength for the emission spectrum was 420 nm and the 
emission wavelength for the excitation spectrum was 470 nm A value of 
100 n
a
 was assigned to the fluorescence intensity of the emission spectrum 
at 470 nm The left spectrum was obtained at a higher sensitivity setting 
500 
Wavelength (nm) 
Fig 6 Fluorescence excitation and emission spectra of compound F j 4 2 
extracted from Pelomwa palustris by means of acetone ind meth mol 
and dissolved in 10 mM potassium phosphate buffer pH 8 0 The 
excitation wavelength for the emission spectrum was 355 nm and the 
emission wavelength for the excitation spectrum was 445 nm 
session of ADP/ATP translocase (Doddema et al 1980), and 
one may speculate on a role of the aberrant cell wall 
composition of methanogens (Kandier and Koenig 1978) in 
the protection against the bacteriolytic system of the host 
Also in the early stages of life on an anoxic earth such an 
endosymbtolic cellular organization may have given certain 
organisms the opportunity to eat autotrophic or hetero­
trophic bactena and to digest them almost completely rather 
than spilling part of this food by sole fermentation The use of 
well-chosen electron-scavengers like methanogens might have 
been of utmost importance in the primitive evolution ofsuch a 
cellular organization, which had evolved to the present 
eukaryotic systems It is attractive to regard a Pelomyxa-]±e 
organism with methanogenic endosymbionts as such a primi­
tive eukaryole, being possibly an urkaryote according to the 
terminology of Woese (1981), and adapted to anaerobic life 
amidst autotrophic and heterotrophic prokaryotes 
Furthermore, our observations, albeit limited to a rather 
small number of sapropelic localities, strongly indicate that 
free living methanogenic bacteria constitute only a rather 
small number as compared to the number of methanogenic 
bacteria present in the anaerobic protozoa Some comments 
to this observation have to be given here 
1 The number of methanogenic bacteria in the mud was 
reported to be 107 108/l mud (C appenberg and Vcrdouw 
1982 Zaiss 1981, Zeikus 1976) This density of cells is 
equivalent to the presence ol one averagely-sized Ρ paluslrts-
cell (0 3 μΐ, Andresen et al 1968) per liter mud Fortner(1914) 
reported on ecosystems with 400 Ρ раіичіпч cells per liter 
mud, and Greeff (1874) already noted the presence ot Ρ 
palusinsen masse in floating mud during the warmer months 
Moreover, a large number of other anaerobic proto/oa 
containing methanogenic bacteria are present in sapropel and 
are not taken into account in the estimation given above 2 It 
is generiilly agreed upon that about two thirds of the amount 
of methane produced in the mud results from acetate 
degradation (Mah 1981) Remarkably, almost none of the 
acctophihc methanogens were isolated from the mud but were 
obtained preferentially some sewage sludge digestors (Balch 
et al 1979, Iluser et al 1982 Mah 1980 Touzcl and 
Albagnacl983 Zinder and Mah 1979) The few methanogens 
isolated from mud were bacteria which use H 2 plus C 0 2 for 
methane production (Balch et al 1979 Zeikus 1977) Such 
organisms could be identical to the endosymbiotic methano­
genic bacteria Studies arc now in progress to determine the 
identity of the methanogens present in the anaerobic cihates 
3 If the major amount of methane formed in sources which 
contribute to the atmospheric methane cycle (Vogels 1979) 
results from activities in which methanogenic bactena are 
either episymbiotically (rumen and perhaps cecum) or en 
dosymbiotically (sapropel) associated with anaerobic proto­
zoa, then the role of protozoa in the anaerobic recycling of 
organic material should be reevaluated 4 Discussions on the 
ellect ofsmall differences between the apparent K
s
-valiics for 
acetate or hydrogen on the relative contributions ot methano­
genic bactena as compared to sullatc-rcducing bacteria in 
anaerobic ecosystems (Kristjansson el al 1982) are less 
relevant if the vicinity to the source of the substrates plays an 
important role in the supply as appears to be the case in the 
symbiotic system described here 5 The endosymbiotic com 
bination of methanogens and protozoa could even extent the 
physico-chemical barrier of anaerobic degradation by metha­
nogenic bacteria, but studies are needed to check this 
hypothesis 
Acknoviledf>enienls Wc wish to thank Dr Τ D Brock and Dr R O F 
Murray who indicated us the possibility that the endosymbionts of 
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Methanobacterium formicicum, an endosymbiont 
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Abstract. The Gram-positive melhanogemc endosymbiont 
of the sapropelic ciliate Metopus itnatm was isolated and 
identified as Methanobac lenum /Ormine um In the ciliate cell 
the methanogens are in close association with microbody-
hke organelles No mitochondria could be delected The 
nature of the microbodics and the physiological background 
of the observed association are discussed 
Key words: Endosymbiosis — Hydrogenosome — Methano­
bac termm formicicum — Methanogenic bacteria — Metopus 
striatus — Sapropelic protozoa 
Intracellular bacteria in sapropelic protozoa have been 
known for many decades (Gould - Velcy 1905, Kahl 1930 -
1935, Liebmann 1936, 1937), and more specially in Metopus 
species endosymbiotic bacteria have been described by 
Liebmann (1938) Recently the endosymbionts of Metopus 
striatus McMurrich, a common cibate of the sapropelium 
(Jankowski 1964), and seven other species of sapropelic 
protozoa could be identified as methanogenic bacteria (Van 
Bruggen et al 1983) The identification was based on 
fluorescence microscopy, demonstration of coenzyme Рдго 
and 7-methylpterin (1-342), and methane production by an 
individual of the giant amoeba Pelomyxa paluitm 
Until now nothing is known about the identity of these 
methanogenic bacteria and their relation with the eukaryotic 
host bor that reason we decided to study the endosymbiotic 
methanogens in more detail In this paper the properties of 
two endosymbionts of Metopus striatus the isolation of 
one of them and its identifications as Methanobacterium 
formicicum are described 
Materials and methods 
Organisms 
Metopus striatus was collected with a pipette from a 200-1 
aquarium in the laboratory Methanobacterium formicicum 
was used as reference strain, and was a gift of Dr R S 
Wolfe, Urbana, IL, USA 
Culture media 
The complex culture medium contained (per liter) 
KH 2 P0 4 , 0 45 g, KjHPO«, 0 45 g, NH4CI, 0 45 g, NaCI, 
Offprint requests to G D Vogels 
135 g, MgS04 7 H 2 0 , 0 18g, CaCh 2 H 2 0 , 012g, 
NaHCOj, 2 5g, yeast extract (Oxoid, Basingstoke, UK), 
2 g, tryptone soya broth (Oxoid Basingstoke, UK), 2g, 
sodium acetate, 2 g, sodium formate, 2 g, methanol, 10 ml, 
vitamin solution (Wolin et al 1963), 10 ml, trace minerals 
solution (gram per liter ZnSO* 7H2O, 2, NiCl2 6 H 2 0 , 
0 3, Na2Mo04 2 H 2 0 . 0 003, CoCh 6 H 2 0 , 0 2, 
MnSO* H 2 0 , 5, CuS0 4 5H 2 0, 0 1, АЩЗОдЬ, 0 1, 
HjBOj, 0 1, Н25еОз, 0 13, FeSCU 7 H 2 0 , 1, nitnlo-
tnacetic acid, 15, pH 7 0), 1 ml, sodium resazurm, 1 mg, 
sodium 2-mercaptocthanesulfonic acid (HS-CoM), 16μg, 
N328 9H20,0 5 g, 1 -cysteine HCl, 0 5 g, and a gas phase 
of 80% H2/20% C 0 2 at a pressure of 196 kPa Isobutync, 
я-methylbutyric, iso\ alene, and valeric acid were each added 
at a final concentration of 0 05% (v'v) In the isolation 
procedure the supernatant of ccntnfuged rumen liquid was 
added (4%, ν ν) The final pH of the medium was 6 8 Solid 
medium was prepared by the addition of 1 6% agar (Difco, 
Detroit, Ml, USA) Mineral medium had the same composi­
tion, except for the deletion of yeast extract, tryptone soya 
broth, volatile fatty acids rumen liquid, sodium acetate and 
sodium formate 
Culture methods 
Liquid media were prepared in 100-ml serum bottles accord­
ing to Balch et al (1979) In order to avoid leakage of oxygen 
during and after the sterilization process the bottles were 
sterilized under a pressure of 127 kPa after three cycles of 
evacuation and gassing with 80% H 2 20%CO2After cooling 
to room temperature the bottles were pressurized to 196 kPa 
In the same way solid media were prepared in 1-1 serum 
bottles, for reasons of safety these larger bottles were 
sterilized in evacuated condition After gassing, the agar 
media were poured into plastic Petri dishes maintained in 
an anaerobic glovebox for at least 24 h Before inoculation 
the agar plates were equilibrated in a stainless steel jar for 
at least 12 h (Baird and Tatlock Ltd, Romford, UK) in the 
presence of a test tube half-filled with a solution of 2 5% w/v 
NaaS 9H2O (Hook el al 1984) and an atmosphere ol 
80% H2 20% C 0 2 (98 kPa) Incubation ol the inoculated 
agar plates in the jars was performed under the same con­
ditions at 37 С with a two-weekly refreshment of the gas 
phase The oxygen concentration in the glovebox was kept 
below 1 ppm by the use of a palladium catalyst (BASF 
R020) and an atmosphere of 97 5% N2/2 5% H2 Catalyst 
poisoning by H2S was prevented by circulating the gas over 
a 20 cm thick bed of ЬсгОз situated immediately before the 
catalyst 
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Growth was followed by measuring methane production 
Optimum growth temperature was estimated in complex 
culture medium without formate, methanol and atelate 
Optimum pH of growth at the expense of formate was mea­
sured in complex culture medium with 0 25 M TES (N-
Ins [hydroxymethyl]methyl-2-aminoethanesulfonic acid) as 
buffer and without acetate, methanol and ЫаНСОз, N 2 was 
used as the gas phase, the pH range was established by 
means of concentrated NaOH 
Isolation of the Gram-рочШ е endosymbtont 
Fifty M stnatus cells were collected with a pipette and 
transferred through three changes of 10 mM НагНРО,!/ 
KHjPOi buffer, pH 7 0 Subsequently the pipette with the 
cihates was transferred into the anaerobic glovebox and the 
allâtes were spread on an agar plate with solid complex 
culture medium containing filter-stenlized penicillin G (IO3 
I F /ml) After two weeks of incubation at 37° С fluorescent 
colonies were transferred onto fresh agar plates This proce­
dure of inoculation, growth and transfer was repeated two 
times Single colonies were obtained of which one was 
transferred onto solid medium without penicillin Purity of 
the colonies obtained on this plate was checked by means of 
epifluoresccncc microscopy after transfer to liquid medium 
and moreover by inoculation into culture medium without 
sodium acetate, sodium formate and methanol and incuba­
tion with a gas phase of 80% N2/20% CO2 A pure culture 
obtained in this way was used in the identification procedure 
Fluorescence microscopy 
Methanogemc bacteria were detected and discriminated by 
means of Leit? epifluorescence microscopy (Doddema and 
Vogels 1978) The examination and photography was 
facilitated by use of the anti-fading compound 1 4-
diazabicyclo [2,2,2]octane (DABCO, Sigma St Louis, 
MO, USA) A solution of DABCO (10mg,ml) in 10 mM 
NazHPOi/KHjPO* buffer, pH 7 0 was added m a propor­
tion of 1 to 1 to the microscopical preparations Fluores­
cence of cells of M formictcum in the presence of DABCO 
was still visible after 3 mm Since unfixed M stnatus cells 
were destroyed by addition of DABCO this organism was 
fixed in a mixture of 1 2% formaldehyde and 0 3% 
glutaraldehyde in 10 mM phosphate buffer, pH 7 0, prior to 
adding the antifading compound 
Electron microscopy 
M stnatus cells were prefixed in a mixture of 1% para­
formaldehyde and 1% glutaraldehyde in aquarium water 
during 10 mm and then fixed in 6% glutaraldehyde in 0 1 M 
cacodylate buffer, pH 7 2, during 30 mm at room 
temperature Subsequently the cells were rinsed twice in 
0 1 M cacodylate buffer, pH 7 2 and postfixed in a mixture 
of 1% OSO4 and 2 5% К.2СГ2О7 in the same buffer during 
45 mm at room temperature Thereafter the cells were nnsed 
twice in water and suspended in 0 1 % uranyl acetate over­
night After dehydration in an ethanol series the cells were 
embedded in Epon 812 Diamond cut ullrathm sections were 
studied m a Philips ЬМЗОО Isolated bacteria were fixed m 
6% glutaraldehyde in 0 1 M cacodylate buffer, pH 7 2 and 
treated further as described above 
Coenzyme extraction and identification 
Bacterial cells (0 1 g, wet weight) were washed twice in 
10 mM NajHPOi/KHaPOi buffer pH 7 0 The pellet was 
resuspended in 2 ml buffer, boiled and extracted with 
acetone and methanol as described before (Van Bruggen et 
al 1983) The pooled supernatants were flash evaporated 
and then dissolved in 0 5 ml water Coenzymes were 
separated by means of reversed-phase High-Performance 
Liquid Chromatography (HPLC), and then detected by a 
variable-wavelength detector and by fluorimetrie monitor­
ing (Van Beelen et al 1983) The mobile phase was 25 mM 
acetic acid adjusted to pH 6 0 with КОН A 10 min linear 
run was performed and involved the increase from 0 to 25% 
methanol in the 25 mM acetic dad buffer 
Analy tical procedures 
Methane was determined according to Hutten et al (1981) 
Whole-cell DNA was extracted after disruption of the cells 
in a French Pressure Cell and purified according to Marmur 
(1961) Mol % G + C was determined by melting point 
analysis with a Gilford 250 Spectrophotometer coupled to 
a Gilford 2527 Thermoprogrammer 
Materials 
Gasses were obtained from Hoek Loos (The Netherlands) 
and were made oxygen-free by passage over a catalyst 
BASF RO-20 at room temperature was used for hydrogen-
containing gasses and prereduced BASF R3-11 at 150 С m 
all other instances The catalysis were a gift of BASF A G 
(Ludwigshafen, FRG) Coenzyme F420 was isolated from 
Methanobaclenum bryantu by A Pol, 7-methylpterin was 
isolated from Methanobactenum thermoautotrophicum 
strain Δ Η by J Τ M Keltjens, methanopterin was isolated 
by Ρ van Beelen and coenzyme MF430 was isolated by W 
Geerts 
Results 
Light and fluorescence microscopy of Metopus stnatus cells 
By means of epifluoresccncc microscopy fluorescent bacteria 
were observed within washed M stnatus cells, whereas no 
fluorescent bacteria were detected at the surface of the 
aliate Upon squashing the aliate numerous bacteria re­
maining fluorescent streamed out of the cell Gram staining 
of squashed preparations revealed the presence of two types 
of bacteria, a small Gram-positive rod, and less frequently, 
a slightly larger Gram-negative rod (Fig 1) The Gram-
positive rod showed the blue fluorescence characteristic for 
methanogemc bacteria, but due to the less frequency of the 
Gram-negative cells it is not possible to identify these cells 
as yet 
blectron microscopy of M stnatus cells 
The localization and the ultrastructurc of the endosymbiotic 
bacteria were investigated in some more detail in M stnatus 
cells prepared for electron microscopy The cytoplasm of M 
stnatus was characterized by the presence of large numbers 
of bactena Some of them were found in food vacuoles and 
were in vanous stages of degradation (not shown) Apart 
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?A 1 В 
Fig. 1 А, В. Meiopus striatus cell after Gram staining A shows the total population of the symbionts as more or less dark rods В shows 
the distal part of the same cell. Gram-positive (->) and Gram-negative bacteria (=() can be clearly distinguished Bar represents 10 μπι 
from these consumed bacteria two types of symbiotic bac­
teria were observed all through the cytoplasm Most abun­
dant among these was a small rod-shaped (size 1.5x0.3 μιτι) 
conically pointed Gram-positive organism, containing 
mesosome-like structures (Figs. 2 and 4). Each cell was 
surrounded by a double-layered membrane which separated 
the bacterium from the Metopus cytoplasm The frequent 
observation of dividing bacteria (Fig. 4) indicated that these 
organisms were actively growing inside the ciliate cell These 
bacteria were regularly found in close association with a 
microbody-likc organelle (Figs. 3 and 4) consisting of a 
granular matrix surrounded by a double-layered membrane 
and possibly identical to the hydrogenosome of anaerobic 
protozoa (Cerkasov et al 1978, Müller 1980; Yarlett et al. 
1983 and 1984). In M. striatus cells no mitochondria could 
be detected. 
The second type of endosymbiotic bacteria consists of a 
Gram-negative rod (size 3 χ 0.6 μιη), also separated from 
the Metopus cytoplasm by a surrounding membrane (Fig. 6). 
The Gram-positive and Gram-negative endosymbionts 
were present in a ratio of approximately 30 to 1. 
Isolation of a methanogenic bacterium from M. striatus 
A Gram-positive methanogenic bacterium was isolated from 
washed M. striatus cells on solid culture medium. The 
fluorescent colonies, which appeared on the agar plates were 
all of the same type and consisted of only one type of 
fluorescent bacteria. The colonies were circular, whitish-
yellow, convex and smooth, with an entire margin and a 
diameter of more than 1 mm after three weeks of incubation. 
Several lines of evidence exclude the origination of the iso­
lated bacterium from outside the Metopus cell. Firstly, no 
fluorescent colonies were obtained on agar plates inoculated 
with 0.1 ml of the buffer in which the ciliates had been 
washed. Secondly, liquid culture media inoculated with 50 
washed M. striatus cells produced methane within four 
weeks, whereas culture bottles inoculated with 1 ml of the 
washing buffer did not show any methane production. Fi­
nally, colonies obtained directly from individual ciliates and 
from the isolated bacteria enriched in liquid media were 
identical upon growth on agar plates. 
Morphology of the endosymbiotic methanogenic bacteria 
In liquid media the isolated bacteria were slender, non-motile 
rods with a length of 2 - 7 pm and a diameter of 0.4 pm. 
They occurred singly or in chains of 2 to 6 cells. In cultures 
with formate as growth substrate the rods were unevenly 
crooked and occurred in clumps. In contrast cells grown 
with H2/C02 as substrate appeared as straight rods and 
these cultures showed an even turbidity. Electron micro­
scopy showed conically pointed cells with mesosome-like 
structures in the cytoplasm (Fig. 5). No flagella were 
observed. 
Growth characteristics 
In mineral medium supplemented with H2/CO2 or formate 
as the sole carbon and energy source the generation times 
were 22 h and 15 h at 37 C, respectively. The same genera­
tion times were found for cultures grown in the enrichment 
medium. Consequently the supplemented components pre­
sent in the enrichment medium did not stimulate growth. 
No growth occurred in media supplemented with acetate, 
methanol, methylamine, trimethylamine, glucose, lactate, 
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pyruvate or ethanol and incubated with a gas phase of 80% 
N 2 / 2 0 % C O 2 a t 3 7 ° C 
Growth of the isolated bacterium was observed at 
temperatures ranging from 10° С to 50° С with an optimum 
at 40° С (Fig 7) The optimum pH for growth was 7 7, and 
growth occurred over the pH range from 6 5 — 8 5 (Fig 8) 
The influence of an increasing N a + concentration, which 
was applied in establishing the pH range with concentrated 
coenzyme 
7-methylpterin 
methanopterin 
0 5 10 15 20 
Time (mm) 
Fig. 9. HPLC elution pattern of acelonennethdnol extract of the 
isolate The pattern was recorded at 400 nm Absorbance range was 
0 1 and 20 μΙ extract was injected 
NaOH, was tested by adding a comparable amount of NaCl 
to cultures at pH 7 5 A slight increase of the generation 
time was observed 
DNA base composition 
The D N A of the isolated strain contained 38 mol % G + С 
as determined by the melting point in 0 1 χ SSC using D N A 
of Escherichia colt HB101 (50 mol % G + С) and Staphylo­
coccus aureus NTCC 6571 (30 mol % G + С) as references 
Coenzymes 
The HPLC-elution pattern of the acetone/methanol extract 
is given in Fig 9 Three peaks were identified as coenzymes 
of methanogenesis At a retention time of 10 4 mm 7-
methylplenn (F342) was detected (Keltjens et al 1983) 
Coenzyme F420 had the same retention time as coenzyme 
F420 isolated from Methanobactenum bryantu, which con­
tains two glutamates (Einch et al 1978) Methanoptenn 
(Van Beelen et al 1984) had the same retention time as 
methanoptenn isolated from Methanobactenum thermo-
autotropfucum The peak at 8 9 mm is most probably co­
enzyme MF430 
Figs. 2—6. Electron micrographs Abbreviations C+ Gram-positive bacterium, C— Gram-negative bactenum. Л/mesosome-like structure, 
Mb microbody Bar represents 0 5 μτα 
Fig. 2. Detail of an ultrathin section of M strialus showing the Gram-positive endosymbiont, which is separated from the aliate cytoplasm 
by a membrane (arrow) 
Fig. 3. Association of Gram positive and Gram-negative bacteria with microbodies in M stnatus 
Fig. 4. Dividing Gram-positive endosymbiont inside M striatus 
Fig. 5. Ultrathin section of a dividing cell of the Gram-positive methanogenic bactenum isolated from M stnatus 
Fig. 6. Detail of an ultrathin section of M stnatus showing the Gram-negative endosymbiont This cell is also separated from the aliate 
cytoplasm by a membrane (arrow) 
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Companion of the isolated bacterium 
iMth Methanohacternim formine urn 
The properties of the isolated endos>mbiont were compared 
with those of M formittcum No substantial differences were 
observed as to the cell morphology, colony morphology, 
temperature optimum (Fig 7), pH optimum (f-ig 8), sub-
strate specificity and other growth characteristics and D N A 
base composition In the HPLC-elution pattern of the iso-
lated endosymbiont coenzyme tao, 7-methylpterm and 
melhanoptcrin showed the same retention time compared 
to the coenzymes from M formicicum The conclusion from 
these results is that the Gram-positive endosymbiont of M 
itnatus is identical to M formicu urn 
Discussion 
The first isolation of a methanogenic endosymbiont from a 
Protozoon is reported here The isolate was obtained from 
the sapropelic al iate Metopus striatus and was identified as 
Methanobactenum formicicum, generally occurring in fresh 
water sediments, sewage sludge, anaerobic digestors and the 
rumen (Archer and Harns 1984) No substantial differences 
between the isolated endosymbiont and the reference strain 
were observed in a rather extensive but albeit incomplete 
comparison The characteristic of the isolated strain cor-
responded with those of the endosymbionls in situ, except 
for a difference in cell length Growth conditions and cir-
cumstances may effect the actual cell length 
On the basis of the limited substrate specificity of the 
isolated endosymbiont one may conclude that the aliate 
provides H2 and CO2 for the growth of the methanogen, 
since formate is not known to be produced by eukaryotic 
organisms under anaerobic conditions The bacterial me-
thane production allows the al iate to perform oxidative 
reactions in a thermodynamically favourable condition of 
low H2 pressure Such a probable mechanism of interspecies 
hydrogen transfer provokes the question whether the close 
association of the methanogenic endosymbiont with the 
microbody-hke organelles of the Metopus cell indicates a 
hydrogenosome-hke function of these organelles In cells 
lacking mitochondria hydrogenosomes play the role of ener-
getic organelles which convert pyruvate to hydrogen, carbon 
dioxide and acetate under anaerobic conditions (Yarlell et 
al 1983) In M striatus mitochondria are absent and the 
morphology of the microbody-hke organelles resembles that 
of hydrogenosomes as desenbed by De Pytorac and 
Rodrigues de Santa Rosa (1976) 
A similar hydrogen transfer through hydrogenosomes to 
methanogens may occur in the episymbiolic association of 
these bacteria with the rumen allâtes belonging to the 
Ophryoscolecidae (Stumm et al 1982) since Eudiplodimum 
maggii and Epidmium ecaudatum caudatum contain such 
organelles (Yarlett el al 1984) Hydrogenosomes were also 
detected in the anaerobic flagellates Trichomonas vaginalis 
(Lmdmark et al 1975), Tntrichomonas foetus (Cerkasov et 
al 1978) and in the rumen allâtes Dasytncha ruminantium 
(Yarlett et al 1981), hotricha prostoma and Isotncha in-
testinalis (Yarlett et al 1983) However, we did not detect 
epi- or endosymbiotic methanogenic bactena assoaated 
with these protozoa (Van Bruggen, unpublished results, Τ 
foetus was not examined) Therefore, an interaction of 
hydrogenosomes with methanogenic bacteria appears not to 
be a prerequisite in the functioning of hydrogenosomes 
The localization of hydrogenase within the microbody-
like organelles of M striatus is under current investigation 
In addition we are studying the isolation and identification 
of methanogenic bacteria from other unicellular eukaryotic 
cells 
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ISOLATION OF A METHANOGENIC ENDOSYMBIONT OF 
THE SAPROPELIC AMOEBAPELOMYXA PALUSTRIS GREEFF 
JJA van Bruggen , EJM Geer tman , KB Z w a r t , CK Stumm and GD Vogels 
Submi t t ed f o r p u b l i c a t i o n i n J o u r n a l of P r o t o z o o l o g y 

SUMMARY 
One of the two methanogenic endosymbionts of the giant sapropelic 
amoeba Pelomyxa palustris was isolated in pure culture. The cells were 
slender non-motile rods (3 χ 0.4 ym), sometimes occurring in chains of 
3 - 4 cells. Ultrathin sections revealed a Gram-positive cell wall and 
conically pointed ends with mesosome-like structures in the cytoplasm. 
The isolate had a generation time of 10 and 12 hours during growth on 
H2/CO2 and formate, respectively. The optimum growth temperature was 40oC 
and the optimum pH was 7.8. The mol % G+C was 37.7%. The isolate was 
identified as Methanobacteriwn formicicum. 
INTRODUCTION 
The giant amoeba Pelomyxa palustris is a peculiar eukaryotic organism. 
It lacks Golgi-bodies, mitochondria, a mitotic apparatus, and any "9 + 2" 
organelle (Whatley, 1976). P. palustris is a multinucleate herbivorous 
organism. Details of its metabolism are yet unknown, because cells of the 
organism cannot be grown under defined conditions. Four years after 
preliminary description of Pelomyxa, Greeff (1874) reported the presence 
of small hyaline rods inside the cell composed of organic material, and 
Renard (1902) suggested that they were symbiotic bacteria. Since then 
several different bacteria were claimed to be isolated from P. palustris 
(Gould-Veley, 1905; Liebmann, 1937; Keller, 1949). Leiner (1954) observed 
the presence of thick- and thin-types of endosymbiotic bacteria and stated 
that the thick cells developed by fusion of the thin-type cells. Later, 
electron microscopy revealed the presence of three distinct bacteria: a 
thick Gram-positive rod with a typical axial cleft and two slender ones, 
being Gram-positive and Gram-negative respectively (Chapman-Andresen, 
1971; Whatley, 1976) . 
Recently, the amoeba was found to excrete methane and the two slender-
typé bacteria were identified as methanogenic bacteria by means of 
epifluorescence microscopy (Van Bruggen et al., 1983). In this chapter 
the isolation and characterization of one of the methanogenic endo-
symbionts will be described as well as several attempts to grow the thick-
type endosymbiont. The metabolic interaction of the symbiotic partners 
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will be discussed. 
MATERIALS AND METHODS 
Organisms 
Pelomyxa palustris was collected from a 200-1 aquarium in the labora­
tory and from different ponds in the vicinity of Nijmegen. Methano-
baoterium formiaiaum was used as reference strain, and was a gift of Dr. 
R.S. Wolfe, Urbana, II., USA. 
Miorosaopy 
Methanogenic bacteria were discriminated by means of Leitz epi-
fluorescence microscopy (Doddema and Vogels, 197Θ). The use of DABCO 
(Sigma, St. Louis, USA) as antifading compound in fluorescence microscopy 
and the electron microscopical procedures were as described before (Van 
Bruggen et al., 19Θ4). 
Culture methods and media 
A single P. palustris cell was collected by means of a pipette and 
transferred through six changes of oxygen-free 10 mM Na?HP0it/KH2P0il buffer 
pH 7.0 at room temperature. Subsequently the cell was transferred into an 
anaerobic glovebox and squashed on the surface of a solid agar medium 
containing complex culture medium (Van Bruggen et al., 1984) with filter-
stenlized penicillin G (IO3 I.U./ml). 
From the suspension obtained several agar plates were inoculated and 
incubated under an atmosphere of 80% H2/20% CO2 (98 kPa) in an anaerobic 
jar at 370C. Other conditions in the isolation procedure and purity check 
were as described before (Van Bruggen et al., 1984). The generation times 
of the isolate were determined during growth in mineral medium, whereas 
the optimum pH at the expense of formate was determined during growth in 
complex culture medium. Both media were as described before (Van Bruggen 
et al., 1984). 
For attempts to isolate the thick endosymbiont the following medium 
was used containing (per liter): neutralized liver digest (Oxoid, 
Basingstoke, England), 20 g; NaCl 4 g; lactate 2 g; ЫагЗ.ЭНгО 0.5 g; trace 
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minerals solution, 2 ml (Van Bruggen et al., 1984) and vitamin solution, 
20 ml (Wolin et al., 1963). The final pH of the medium was 7.0. The medium 
was prepared in serum bottles, evacuated and gassed with N2 (127 kPa). 
After sterilization and cooling to room temperature heat inactivated 
sterile calf serum was added to a concentration of 10%. A single P. 
palustris cell was washed in heat sterilized aquarium water, transferred 
to 100 yl of isolation medium and squashed by means of a syringe. 
Subsequently a glass Perfil'ev tube (dimensions: 0.05 χ 0.6 χ 100 mm, 
Camlab limited, Cambridge, England) was filled with the suspension, 
sealed at the ends by melting it in a flame, attached to a microscope 
slide, and incubated at 37<,C (Perfil'ev and Gabe, 1960). The number of 
thick rods in a defined region was determined several times during the 
incubation. The thick rods were recognized by their characteristic 
rectangular shape. 
Inhibition of methane excretion by P. palustris 
Several amoebae were washed in 10 mM phosphate buffer pH 7.0. By 
measuring the diameter the volume of the cells which were spherical after 
pipetting was determined. Cells were incubated in butyl-rubber stoppered 
11 ml bottles containing 2 ml heat sterilized aquarium mud supplemented 
with 0.3 ml buffer. The bottles were flushed with nitrogen and incubated 
in the dark at the temperature indicated. During the incubation methane 
production was measured by taking 0.1 ml samples from the headspace. After 
24 hours two inhibitors of methanogenesis were added at the concentration 
indicated. 
Materials 
Gasses were made oxygen-free by passage over catalysts. BASF R 0-20 
was used at room temperature for hydrogen-containing gasses and prereduced 
BASF R 3-11 at 150oC for all other gasses. The catalysts were a generous 
gift of BASF (Ludwigshafen, FRG). 
Analytical procedures 
Methane was determined according to Hutten et al. (1981). Whole cell 
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DNA was extracted after disruption of the methanogenic bacteria in a 
French Pressure Cell and purified according to Marmur (1961). Mol % G+C 
was determined by melting point analysis with a Gilford 250 Spectrophoto­
meter coupled to a Gilford 2527 Thermoprogrammer. 
RESULTS 
Morphology of the endosymbionts 
The morphological traits of the endosymbionts and of the amoebae as 
determined by light and electron microscopy were in agreement with the 
description of Chapman-Andresen (1971) and Whatley (1976). 
Phase-contrast microscopy revealed that P. palustris cells contained 
two types of endosymbiontic bacteria (Fig. 1). One was a non-fluorescent 
Gram-positive thick rod with a characteristic rectangular shape. The other 
type consisted of slender straight rods with a blue fluorescence, charac­
teristic for methanogenic bacteria. Electron microscopy revealed that the 
slender endosymbionts consisted of two types, one type possessed rounded 
ends and a cell wall characteristic for Gram-negative bacteria (not shown), 
whereas the other had conically pointed ends and a Gram-positive cell wall 
(Figs. 2,3) . In the amoebae investigated generally the Gram-negative 
slender type was present in minor amounts. Mitochondria, Golgi apparatus 
and microbodies like hydrogenosomes or peroxisomes were not found. In 
cysts, most probably derived from P. palustris, the same three types of 
endosymbionts were observed. 
Inhibition of methane excretion by P. palustris cells 
Methane excretion by P. palustris cells was measured in 10 independent 
experiments from which a mean methane production rate of 8.4 nmol/hr per 
μΐ of cell volume was calculated. The effects of two well-known inhibitors 
of methane production, viz. bromoethanesulfonic acid (BrES) and oxygen, on 
methane excretion by P. palustris cells are shown in Table 1. Different 
concentrations of BrES were dissolved in buffer and added during the 
incubation. Oxygen was added to a concentration as indicated in Table 1 
by means of a syringe after flushing of the headspace with nitrogen. These 
bottles were shaken during the whole incubation. BrES was also added to a 
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Fig. 1. Phase-contrast micrograph of a slightly compressed 
P. palustris cell. Several nuclei are visible, 
surrounded by thick-type endosymbionts. The slender-
type endosymbionts can be seen throughout the 
cytoplasm. Bar represents 5 \m. 
Figs. 2-4 Electron micrographs. 
Fig. 2. A nucleus of P. palustris and the endosymbiotic 
bacteria. The thick-type bacteria contain a typical 
axial cleft and are separated from the nucleus only 
by a thin layer of vesicles ( ^)· Methanogens are 
indicated by a single arrow (—^) . 
Bar represents 1 ym. 
Fig. 3. Detail of P. palustris showing a longitudinal 
section through the Gram-positive methanogenic 
endosymbiont and a cross sectioned thick rod. 
Bar represents 0.5 ym. 
Fig. 4. The isolated methanogenic endosymbiont of P. 
palustris. Bar represents 0.2 ym. 
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Table 1. Effect of bromoethanesulfonia acid (BrES) and Oz on methane 
excretion rate by P. palustris cells. 
BrES % O2 
concentration in the headspace 
ІтМІ (v/v) 
СНц production 
nmol/hr. 
•e addition 
5.2 
5.4 
5.5 
5.5 
5.0 
2.9 
3.9 
rate 
bottle 
afte ¡r addition 
4.5 
3.8 
1.7 
2.7 
7.0 
2.9 
0 
inhibition 
(%) 
13 
29 
70 
52 
0 
0 
100 
0 
0.1 
1 
10 
0 
5 
10 
*) The inhibitor was added after 47 hours of incubation. 
pure culture of the isolated endosymbiont growing on complex medium with 
H2/CO2 as growth substrate. A BrES concentration of 0.1 μπι revealed a 
complete inhibition of the methane production by the isolated endosym­
biont. 
Isolation of a methanogenic endosymbiont of P. palustris 
After a single amoeba was squashed on an agar surface, small whitish-
yellow colonies of fluorescent bacteria were obtained after incubation. 
This procedure was repeated several times giving always similar results. 
The colonies were circular, convex and smooth, with an entire margin and 
a diameter of more than 2 mm after 3 weeks of incubation at 370C. Growth 
never occurred in control experiments where the buffer in which the amoeba 
cell had been washed was used as an inoculum. 
The isolate was a non-motile rod (3 χ 0.4 ym) sometimes occurring in 
chains of 3 to 4 cells. Growth in liquid medium occurred in clumps. 
Electron microscopy showed conically pointed cells with mesosome-like 
structures in the cytoplasm (Fig. 4) and a cell wall with a Gram-positive 
structure. No flagella were observed. 
Growth characteristics of the isolated methanogen 
In mineral medium supplemented with H2/CO2 or formate as the sole 
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carbon and energy source the generation times of the isolate at 370C were 
10 h and 12 h, respectively. The same generation times were found for 
cultures grown in the complex culture medium. No growth was observed at 
370C in mineral medium supplemented with acetate, methanol, ethanol, 
methylamine, tnmethylamine, glucose, lactate or pyruvate and incubated 
with 80% N2/20% CO2 as gas-phase. 8-Mercaptoethanesulfonic acid (HSCoM) 
was not required as a growth factor. Growth was observed at temperatures 
ranging from 150C to 450C with an optimum at 40oC. The optimum pH for 
growth was 7.8 and growth occurred over a pll range from 6.5 - 8.5. 
DNA base composition 
The DNA of the isolated strain contained 37.7 mol % G+C as determined 
by melting point analysis in 10 times diluted saline citrate solution 
(Marmur 1961) using DNA of Methanobactevium formiaiaum (39.7 mol % G+C), 
DNA of Escherichia coli HB 101 (50 mol % G+C) and Staphylococcus aureus 
NTCC 6571 (30 mol % G+C) as references. 
Identification of the isolate 
The above described characteristics of the isolate were identical to 
those of Methanobacteriwn formiciaum. The isolated strain will be referred 
to as Methanobaaterium formiciaum strain PPl and has been deposited in the 
German culture collection, DSM 3637. 
Cultivation of the thick-type endosymbiont 
A suspension containing a few thick rods obtained from squashed P. 
palustris cells was incubated in a liver digest containing medium present 
in a glass Perfil'ev tube. Only one or two divisions of these organisms were 
observed. 
In the presence of penicillin or lysozyme or in the absence of serum or 
liver digest no cell divisions were found. 
Other isolation attempts were performed using liquid or solid minimal 
media or media containing one or more of nutrient-rich compounds, like 
nutrient broth, rumen fluid, yeast extract, trypton soya broth or liver 
digest together with one or more additional carbon sources like glucose, 
pyruvate, lactate or acetate. The media were incubated under different 
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conditions of temperature, pH and O2 content. Moreover, incubations were 
performed in the presence or absence of methanogenic bacteria. Under all 
circumbtances described above no growth of the thick-type endosymbiont was 
observed. 
DISCUSSION 
One of the two slender-type endosymbionts of Pelomyxa palustris was 
isolated and identified as Methanobaatevbum fovmicLcvm. It produces 
methane from either hydrogen plus carbon dioxide or formate. Since only 
minor amounts of formate are produced by eukaryotes under anaerobic 
conditions (Abou Akkada and Howard 1960) and since hydrogen concentrations 
in the sapropel were determined to be in the range of 10" atmosphere 
(Lovely et al. 1982) it is likely that hydrogen is provided to the 
methanogenic endosymbionts by a source inside the amoeba cell. 
Apart from eukaryotic algae, the only eukaryotes known to exhibit a H2 
metabolism are hydrogenosome-containing eukaryotes, e.g. parasitic 
flagellates and rumen ciliates (Adams et al. 1980; Lindmark et al. 1975; 
Yarlett et al. 1984). Chapman-Andresen and Hamburger (1981) have reported 
the presence of microbodies m P. palustris and they described these 
organelles as peroxisomes. However, we were not able to detect any micro-
bodies at all in this amoeba. At present several sapropelic protozoa which 
contain methanogenic bacteria have been studied by means of electron 
microscopy. All these organisms contained either hydrogenosome-like 
microbodies or thick-type endosymbionts (Van Bruggen et al. 1984, 1985 and 
unpublished results). So, the function of the thick-type endosymbionts in 
amoebae might parallel the function of the hydrogenosome-like microbodies. 
In that case the metabolism of this organism most probably resembles the 
metabolism described for hydrogenosomes in rumen ciliates (Yarlett et al. 
1984) and tnchomonad flagellates (Müller 1980) . According to this 
hypothesis the thick-type endosymbiont receives its substrate(s) from the 
amoeba cell and thus forms a connection between the catabolism of the 
amoeba cell and hydrogen supply to the methanogens. In this way the amoeba 
cell - together with its endosymbionts - might be able to perform a 
complete anaerobic degradation of ingested plant material to CHi, and CO2 . 
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Unfortunately, the metabolism of the thick-type endosymbiont remains 
unknown, since isolation of this organism was not successful. A dependency 
of the thick rod from growth factors supplied by the host, or more 
specificly the nuclei (because of the close association of the thick rods 
with the nuclei) can be responsible for the unsuccessful cultivation 
attempts. 
The endosymbionts ъп situ were found to be insensitive towards a 5% 
oxygen concentration in the headspace. Possibly the amoeba protects the 
endosymbionts by restriction of oxygen diffusion or by oxygen consumption 
(Chapman-Andresen and Hamburger 1981). The decreased sensitivity for BrES 
as compared to the isolate can be explained by a similar diffusion 
barrier. 
Isolation of the thick-type endosymbiont and the second methanogenic 
endosymbiont is a prerequisite for a better understanding of the inter­
action of the metabolisms of P. palustris and its endosymbionts. 
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1 SUMMARY 
Large numbers of Gram-positive methanogenic 
bacteria, which morphologically resembled Melh 
anobactenum formtaeum, were found in the flagel­
lated amoeba Mastigella from fresh water sapro­
pel A non-methanogenic Gram-positive bacterium 
with a characteristic axial cleft was found to Ine in 
close association with the amoebal nucleus The 
similarity between the symbiotic system of Masti­
gella and that of the giant amoeba Pelomyxa is 
discussed, as well as the contribution of sapropelic 
amoebae to the methanogenesis of the sapropel 
ecosystem 
2 INTRODUCTION 
Intracellular bactena in sapropelic protozoa 
have been known to exist for many years [1-4] 
Recently, it was shown in 8 sapropelic protozoa 
investigated, that the majonty of these endosym-
bionts were methanogenic bactena [5] The identi 
fication of the methanogens was documented by 
fluorescence microscopy [6], demonstration of 
coenzyme F 4 2 0 and 7-methylptenn, and methane 
production by an isolated cell of the giant amoeba 
Pelomyxa palustris Moreover, Methanobactenum 
formiacum was isolated from the cilia te Metopus 
striatus [7] Ρ palustre was found to contain 2 
types of methanogens [5] and a non-methanogenic 
Gram-positive rod with a characteristic axial cleft 
[8,9], whereas several organelles normally present 
in eukaryotic cells were absent 
In this paper, we desenbe the endosymbionts of 
another sapropelic amoeba, Masttgella Striking 
similarities were observed with the endosymbionts 
of the (taxonomically unrelated) amoeba Ρ 
palustris 
3 MATERIALS AND METHODS 
3 1 Organisms 
The amoeba was studied in sapropel samples 
taken from several eutrophic ponds near Nijmegen 
and—as a constant source of the organism—from 
a mud-filled 200-1 aquanum in the laboratory The 
organism was identified according to Goldschmidt 
[1] and Lemmermann [10] 
3 2 Microscopical procedures 
For a rapid identification of methanogenic 
bactena, Leitz epifluorescente microscopy, accord­
ing to Doddema and Vogels [6], was used Dif­
ferential interference contrast (DIC) microscopy 
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was performed with the Leitz T-device on an 
Ortholux microscope. 
Electron microscope preparations were made as 
reported previously [7] and were studied in a 
Philips EM300. 
3.3. Quantification of amoebae 
Using a pipette, 27.7 ml water containing a 
small quantity of sapropel was sampled from the 
muddy surface of the aquarium. In a second 
experiment, 6 sapropel samples were taken from 
different places in the aquarium and pooled (total 
volume approx, 50 ml) and 4 samples (2.2 ml) 
were studied The material was transferred to a 
petri dish and examined under a dissection micro­
scope. Using a small pipette, virtually all the 
Mastigella and P. palustris cells present were col­
lected and counted The dry weight of the sapropel 
was determined after collection by membrane 
filtration and subsequent drying for 24 h at 75°C 
in vacuo. 
3.4 Quantification of endosymbionts 
200 Mastigella cells were subjected to 3 pipette 
transfers of 10 mM N a 2 H P 0 4 / K H 2 P 0 4 buffer, 
pH 7.0. The mean volume of the endoplasm of the 
cells was estimated by measuring the diameter of 
the cells, which had rounded after pipetting. Sub­
sequently, the endosymbionts were released from 
the Mastigella cells by homogenisation in a de­
fined buffer volume, and counted in a Burker-Turk 
counting chamber (W. Schreck, Hofheim/Ts, 
F.R.G.) by means of phase-contrast microscopy. 
4. RESULTS 
4.1. Description of the amoeba 
Under the light microscope, the uninucleate 
amoeba, with a diameter of 133 + 14 μιη, showed 
a granular endoplasm with many ingested plant 
particles. The ectoplasm was hyaline with numer­
ous pointed or blunt, erupting pseudopodia. The 
cell possessed a short flagellum (Fig. 1) which 
showed sweeping and curling movements; no con­
tribution to the mobility of the amoeba by this 
organelle was observed. The prominent nucleus, 
with a diameter of about 35 ¿im, showed penph-
Fig. 1. Living, migrating Masngella cell with pointed and blunl 
pseudopodia. clear ecto- and granular endoplasm. and flagel-
lum. ( -· ) Differential interference contrast (D1C), electronic 
flash Bar represents 20 μιη. 
eral nucleoli (dispersed type. Fig. 2); no connec­
tion was observed between the nucleus and the 
flagellum origin. Division stages of the nucleus 
were not observed. However, cells with 2 nuclei 
were sometimes found, presumably representing a 
stage shortly prior to cytokinesis (Fig. 3). On the 
basis of these characteristics, the organism was 
identified as a member of the genus Mastigella, a 
group of flagellated amoebae. (Order, Pan-
tostomatmae; family, Rhizomastigaceae. Lemmer-
mann [10)). Its morphological characteristics were 
compared with those of some other Mastigella 
species (Table 1). Except for the diameter of the 
nucleus, the present organism most resembled M 
vitrea. The presence of endosymbiotic bacteria in 
this organism had already been reported in 1907 
by Goldschmidt [1], who also noticed the similar­
ity of these endosymbionts with those found in Ρ 
palustris [8,9]. 
4.2. Endosymbionts 
Throughout the endoplasm of the Mastigella 
cells, numerous slender rods (3.4 χ 0.3 μπι) were 
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Fig. 2. Optical transverse section of the nucleus of a living 
Matngeila cell The round bodies inside the nucleus are 
nucleolar granules. The surface of the nucleus is covered with 
thick rods As a result of the rapid streaming of the cytoplasm 
the thickness of the bacterial layer is not uniform DIC. elec­
tronic flash Bar represents 10 μην 
always observed. Flattening of the Masngella cells 
by a slight pressure on the cover glass facilitated 
the visibility of these endosymbionts. which showed 
the characteristic bluish fluorescence of methano-
genic bacteria (Fig. 4) and stained Gram-posi-
tively. 
Table 1 
Morphological properties of some MasligeUa species 
Organism Cell Nucleus 
diameter diameter 
(μηι) (μπι) 
Masngella φ 12(1 ISO 35 
Masugdlamlrea 125-150 10 15 
Masngella miens 80-90 - ' 
Masngella polymasUx 32-80 18-20 
* This paper 
a
 Not mentioned. 
b
 1-4 Flagella present 
Fig, 3 Binucleate Masngella cell The lower nucleus is slightly 
out of focus in this Giemsa-stained preparation Both nuclei are 
surrounded bv masses of thick rods Bar represents 20 μην 
Another endosymbiont always present was a 
thick rod (4.5 x 0.8 μηι) surrounding the nucleus 
in a uni- or multicellular layer (Figs. 2 and 3). 
Aggregates of these bacteria were sometimes found 
separated from the nucleus in the endoplasm. This 
organism also stained Gram-positively but did not 
show fluorescence. 
The mean number of slender and thick rods per 
Endosymbionts Fldgellum References 
length 
(μηι) 
present 40 70 [·] 
present 120 250 [1.10| 
45 [IO] 
absent > 8 0 b 111) 
67 
190 
Table 2 
Numbers of amoebae and amoebae-den ved methanogemc 
bacteria in the aquarium sapropel 
Amoebae/ml sapropel 
Amoebae/mg dned sapropel 
Melhanogens/cell 
Methanogens/mg dned sapropel 
Methat\ogens/ml sapropel 
Mastigella 
5 2 1 2 9 · 
106 
2 2 Х І 0 3 
2 . 3 x 1 0 ' 
1.1 χ 10» 
Pelomyxa 
9±T 
16 
S O x l O 5 " 
0.8 X 1 0 ' 
0.4X10' 
Mean + SD of 5 samples 
The mean diameter of Pelomyxa cells present was considered 
as 200 μηι. The concentration of methanogemc bacteria is 
1.2 Χ 10 1 0 per ml cytoplasm [5] 
Fig. 4. Epi fluorescence micrograph of a single unfixed and 
slightly flattened Masiigeila cell The methanogemc bactena 
are visible as thin rods. Thick rods are non-fluorescent and not 
visible in this micrograph. Bar represents 10 μίτι. 
I 
Fig 5 Ultra-thin section of Masiigeila demonstrating the 2 endosymbiotic bactena. The thick rod-shaped bactena contain a typical 
axial cleft { » ) and are separated from the nucleus only by a thin layer of vesicles The thin rods are highly osmiophilic and. as shown 
in the inset, contain mesosome-hke structures (—·>) B a r represents 1 μην N = nucleus. 
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cell were estimated at 22000 and 6500, respec­
tively. Since (he amoeba endoplasm had a mean 
volume of 0.7 X 10 " 6 ml, the numbers of bactena 
correspond to a concentration per ml endoplasm 
of 3 X 1010 and 0.9 x 1010 for slender and thick 
rods, respectively. 
4.3. Ultrastructure of Mastigella 
Electron microscopy revealed that Mastigella 
cells lack mitochondria, Golgi apparatus and rm-
crobodies. The ullrastnicture of the nucleus is 
similar to that of P. palustris [8,9], but inclusions 
like sand and paraglycogen grains, which are typi­
cal for the giant amoeba P. palustris, were not 
found in Mastigella. 2 Types of endosymbionls 
were observed in the cytoplasm. Slender, 
osimophilic, Gram-positive rods, with comcally 
pointed ends, containing mesosome-like structures, 
were encountered throughout the cytoplasm. These 
slender endosymbionls, considered to be methano-
gemc bactena, strongly resembled Methano-
bactenum formiacum. 
The second endosymbiont, a thick Gram-posi-
live rod, had a rectangular shape and a deep, 
incision-like cleft along the whole length of the cell 
(Fig. 5). Many thick rods were observed in close 
association with the nucleus, separated from it 
only by a thin layer of vesicles. This baclenum is 
probably identical to the thick rod found in P. 
palustris [8,9]. 
Both endosymbionls were separated from the 
amoeba cytoplasm by a membrane and were ac­
tively growing, as was apparent from the frequent 
observation of dividing bacteria. 
4.4. Numbers of amoebae in the sapropel 
Bolh Mastigella and Ρ palustris cells were pre­
sent in great numbers in the upper layer of the 
aquarium sapropel (Table 2). Mastigella cells were 
fairly constant in size, whereas the P. palustris cell 
diameter ranged from 100-1000 μιη. 
The mean concentration of amoeba-derived 
melhanogens in the upper layer of the sapropel 
was estimated to be 1.5 X lO'/ml. This is a 
minimum concentration, since it is likely that some 
amoebae escaped collection from the mud sam­
ples. 
5. DISCUSSION 
5.1. Characterization of Mastigella 
The amoeba described here and found 
ubiquitously in the upper layers of the sapropel 
was identified as a Mastigella species and resem­
bled M vitrea. The cells contained large numbers 
of melhanogenic and non-methanogenic endosym-
biotic bacteria. The methanogens resembled mor­
phologically the Gram-positive methanogens oc-
cumng in P. palustris (manuscript in preparation), 
another sapropel amoeba. The non-methanogenic 
thick rods are most probably identical to the thick 
rods of Ρ palustris [9]. 
Apart from the endosymbionls, the ultraslruc-
tures of both anaerobic amoebae share many fea­
tures. Mitochondna, Golgi apparatus and micro-
bodies are absent. In contrast to the multi­
nucleated Pelomyxa, Mastigella has a single 
nucleus and contains no paraglycogen. The pres­
ence of melhanogenic endosymbionls is not unique 
to anaerobic amoebae, but seems to be a common 
feature among sapropel protozoa [5]. 
5.2. Function of the endosymbionls 
No attempts have yet been made to isolate and 
charactense the melhanogenic endosymbionls of 
Mastigella. Therefore, no information is available 
on the substrate specificity of this organism. How­
ever, hydrogen or formate are common substrates 
for melhanogenic rods, and probably also for the 
melhanogenic rods of Mastigella. As a result of 
methane production by these endosymbionls, the 
intracellular hydrogen levels may remain very low 
and, as a consequence, the eukaryote can easily 
reoxidize its reduced electron acceptors and profit 
from an energetically favourable situation The 
question anses as to where the reduction equiv­
alents are produced, as hydrogen or formate, in 
ihe Mastigella cell. Except for P. palustris and the 
now descnbed Mastigella species, all anaerobic 
sapropel protozoa so far investigated ([7] and un­
published results) contain hydrogenosome-like mi-
crobodies which are usually closely associated with 
the melhanogenic bacteria in the cells. It is not 
likely that hydrogen has a cytoplasmic ongin in 
both anaerobic amoebae, since hydrogenase ap­
pears to be organelle-bound in all eukaryotic cells 
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studied For that reason, it is tempting to suggest 
that the non-melhanogemc thick rod serves as a 
hydrogen source for the melhanogens Such a 
metabolic interaction could be a remarkable exam­
ple of inter-endosymbiotic hydrogen transfer, 
avoiding the disadvantage of mass transfer resis­
tance Unfortunately all attempts so far to grow 
the thick rod in pure or mixed cultures have failed, 
and its substrate spectrum remains unknown The 
close association of these bacteria with the nucleus 
strongly suggests a mutual metabolic relationship 
In spite of the presence of a flagellum, Masti-
gella and Pelomyxa must be considered as descen­
dants of early stages in eukaryotic evolution since 
organelles (except for the nucleus) are absent and 
endosymbiotic bauena seem to be essential for 
growth of these primitive eukaryotes This view 
differs strongly from that of Bovee and Jahn [12], 
who suggested that Masligella might have evolved 
from mitochondria-containing amoebae 
5 3 Contribution of amoeba-derived melhanogens lo 
lolal methane production 
The numbers of methanogemc bacteria re­
ported in the sapropel vary with the methods 
applied and with the kind of sediment analysed 
Approx 1 6 x 105 melhanogens per g wet sedi­
ment were found by applying a most probable-
number method [13], whereas 5 x 10" melhano­
gens per ml wet sediment were found by determin­
ing the number of colony-forming units [14] and 
105-109 melhanogens per g dry sediment were 
estimated by means of a direct fluorescent-anti­
body technique [15] 
The presence of at least 1 5 X 106 amoeba-de­
rived endosymbiotic methanogemc bactena per ml 
of the upper layer of the sapropel clearly indicates 
that such melhanogens contribute considerably to 
the melhane production in this part of the sapro­
pel 
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ABSTRACT 
Epifluorescence microscopy revealed the presence of a methanogenic 
bacterium as an endosymbiont in the sapropelic marine ciliate Metopus 
aontortus. The in situ methanogenic activity of the symbiont could be 
demonstrated. The isolated endosymbiont was an irregular, disc-shaped 
bacterium with a diameter of 1.6 - 3.4 urn. It had a generation time of 7 
or 12 hours on growth on H2/CO2 or formate, respectively. The temperature 
range for growth was between 16 and 36<'C with an optimum at 320C. The 
optimal pH range for growth was 6.8 to 7.3. Salts, with an optimum 
concentration of 0.25 M, and tungsten were required for growth. The 
mol % G+C was 38.7%. The cell envelope consisted of proteins and a 
glycoprotein with an apparent molecular weight of 110,000. Morphology, 
antigenic relationship and the G+C content established the isolate MCI as 
a new species of the genus Methanoplanus and the name Methanoplanus 
endosyrribiosus is proposed. 
KEY WORDS 
Ciliate culture — Endosymbiosis — Interspecies hydrogen transfer — 
Hydrogenosome — Methanogenic bacteria — Methanoplanus endosymbiosus — 
Metopus aontortus 
Abbreviations. G+C: Guanine + Cytosine; SDS: Sodium dodecylsulfate; PIPES: 
Piperazine-NjN'-bis (2-ethane) sulfonic acid. 
Offprint requests to: GO Vogels. 
INTRODUCTION 
Intracellular bacteria in freshwater protozoa have been known for many 
years (Gould-Veley 1905; Kahl 1930-1935; Liebmann 1937). Recently, the 
intracellular bacteria in a number of freshwater sapropelic protozoa -
amoebae as well as ciliates - were identified as methanogenic bacteria 
(Van Bruggen et al. 19Θ3, 19Θ5). The most numerous endosymbiont of the 
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ciliate Metopus striatus was isolated and identified as Methanobactertum 
forrrrLcicwn (Van Bruggen et al. 19Θ4) . The same species was isolated from 
the giant amoeba РвЪотуха palustris (Van Bruggen, unpublished results). 
Sapropelic marine ciliates are also known to be accompanied by bacteria 
(Fenchel et al. 1977). The marine sapropelic ciliate Metopus aontortus, 
which inhabits sulfide-contaming environments (Fenchel et al. 1977), is 
studied in this paper, and the isolation and characterization of a 
methanogenic endosymbiont is reported. 
MATERIALS AND METHODS 
Cultivation of Metopus aontortus 
Glass cylinders with a height of 40 cm and a diameter of 10 cm were 
filled with sea-water (a solution of 3.2% (w/v) artificial sea-salts, 
Wiegandt GmbH, Krefeld, FRG) supplemented with 0.1% yeast extract (Oxoid, 
Basingstoke, UK). A handful of decomposing sea-grass and mud from the 
shallow shore of the Wadden sea were added and the cylinders were closed 
with a rubber stopper. The cylinders were incubated in the dark or in 
light at 20oC. The cultures were fed with 1% (w/v) ground dried grass 
when most of the organic material had been degraded. The sulfide concen­
tration in the cultures was estimated according to Truper and Schlegel 
(1964) . 
Cultivation of M. aontortus in monoculture was performed by transfer of 
30 cells into 100-ml serum bottles with 25 ml unsterilized Metopus culture 
medium containing per 1: artificial sea-salts, 32 g; Na2S.9H20, 1.2 g; 
КагСОэ, 0.5 g; ground dried grass, 0.4 g. The pH was 7.4 The bottles were 
flushed with nitrogen, closed with a butyl rubber stopper and incubated 
at room temperature in the dark. During prolonged incubations, twice a 
week 50% of the culture volume was pumped out through a 7 - ym filter 
gauze under a stream of nitrogen and replaced by fresh medium. 
Subsequently, 10 mg dried ground grass was added or, if indicated, 1 ml of 
a washed suspension of Esoheriahia coli (about 1010 cells/ml) in 0.12% 
(w/v) NajS.9H20. Growth was measured by counting cells under a dissection 
microscope. 
M. aontortus was identified according to Fenchel (1968) and Kahl (1928). 
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Media used for cultivation of the methanogens 
The media used for isolation and cultivation of the methanogenic 
bacteria were similar to those of Romesser et al. (1979) and contained 
per liter: KCl, 0.33 g; МдСІг-бНгО, 2.6 g; МдБОц^НгО, 3.5 g; NH<,C1, 0.25 
g; СаСІ2.2Н20, 0.14 g; КгНРОц, 0.14 g; (NHu)zFe(ЗОц)
г
.бНгО, 0.01 g; yeast 
extract (Oxoid, Basingstoke, UK), 2 g; tryptone soya broth (Oxoid, 
Basingstoke, UK), 2 g; sodium acetate, 2 g; sodium formate, 2 g; sodium 
2-mercaptoethanesulfonic acid (coenzyme M) , 16 vq; sodium resazurin, 1 mg; 
ЫагЗ.ЭНгО, 0.5 g; L-cysteme . HCl, 0.5 д. In addition the medium 
contained 1 ml of trace minerals solution (Van Bruggen et al. 1984), 10 ml 
of vitamin solution (Violin et al. 1963) and 40 ml of the supernatant of 
centrifuged rumen liquid. Isobutyric, a-methylbutyric, isovaleric and 
valeric acid were added to a final concentration of 0.05% (v/v) each. 
After the pH was set at 7.0, 26.5 g NaCl, 4 g КагСОз and 10 ml methanol 
were added to the isolation medium, whereas 14.5 g NaCl, 5 g ЫагСОз and 
3.3 mg Na2WOi».2H20 were added to the cultivation medium. Solid media were 
prepared by the addition of 1.6% agar (Difco, Detroit, MI, USA). Liquid 
and solid media were freed of oxygen by a process of evacuation and gassing 
with H2/CO2 (80:20, v/v) and sterilized as described earlier (Van Bruggen 
et al. 1984). The final pH of both media after sterilization was 7.2. Agar 
containing media were poured into Petri dishes in an anaerobic glove box 
and incubated in stainless steel jars under an atmosphere of H2/CO2 (80:20). 
In liquid media growth was followed by measuring methane production. 
Determinations of generation times on different substrates, and of optima 
for temperature, NaCl concentration and pH were carried out in 
appropriately modified culture media. Optimum pH in the presence of H2/CO2 
(80:20, v/v) as substrate was established by varying the concentration of 
Na2C03, while the total Na + concentration was kept at 0.41 M by adding 
appropriate amounts of NaCl. The optimum pH for growth in the presence of 
formate as a substrate was established by using concentrated NaOH with 
0.1 M PIPES as buffer under an atmosphere of nitrogen. 
Measurements of methane production by endosymbionts in situ 
A M. contortus culture fed with bacteria was filtered through a 100 -
μιη filter gauze to remove flocculated materials from the Metopus culture 
medium. By means of a pipette the Metopus cells were collected from the 
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filtrate under a dissection microscope covered with a plastic hood flushed 
with nitrogen. Subsequently, the cells were washed three times with 
incubation medium containing 0.06% (w/v) НагЗ.ЭНгО (pH 7.2) and 3.2% (w/v) 
sea-salts. In order to obtain sufficient clliates the procedure was 
repeated with five 2-ml samples. All collected ciliates were transferred 
with 0.2 ml Metopus medium into a serum vial (volume 14 ml) containing 2 
ml medium. As controls equal amounts of the last washing solution 
(without ciliates) were used. Each vial received 100 ul of a washed 
suspension of bacteria (about 10 cells/ml) as feed. The vials were 
stoppered, crimp-sealed, flushed with nitrogen and incubated at 20oC. 
Methane production was determined according to Hutten et al. (1981) and 
ethane was used as a reference. 
Isolation of the endosymb-iont 
Twenty M. oontortus cells were collected with a pipette and washed 
several times in isolation medium under a dissection microscope covered 
with a plastic hood flushed with nitrogen. Subsequently, the ciliate cells 
were transferred into an anaerobic glove box, where the endosymbionts were 
released by homogenization and plated on solid isolation medium containing 
filter-sterilized penicilline (103 I.U./ml) or lysozyme (1 mg/ml) . In 
order to check the effectiveness of the washing procedure a comparable 
volume of the last washing fluid was also transferred to agar plates. 
Incubation was performed in jars at 22 or 370C. The transfer of colonies 
and purity check were as described earlier (Van Bruggen et al. 1984). 
Miarosooptoal procedures 
The number of endosymbiotic bacteria in a ciliate cell was determined 
by washing 200 ciliates in cultivation medium for methanogens and 
homogenization in a known small volume of this medium. By means of a 
Bürker-Türk counting chamber and phase-contrast microscopy the number of 
endosymbionts was estimated. The methanogenic endosymbionts were 
visualized inside the ciliates by means of Leitz epifluorescence 
microscopy according to Doddema and Vogels (1978) . 
In the Gram staining procedure the cristalviolet and lugol solutions 
were supplemented with 2% NaCl. The preparation was rinsed with 10 mM 
phosphate buffer, pH 7.0, containing 2% NaCl. 
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Electron microscope preparations were made as reported previously (Van 
Bruggen et al. 1984) with the modification that the ciliates and the 
isolated endosymbionts were fixed with glutaraldehyde and paraformaldehyde 
dissolved in cultivation medium for methanogens instead of in buffer. For 
platinum shadowing the methanogens taken from pure cultures were washed in 
culture medium, subsequently fixed for 3 m m at room temperature in 
culture medium containing 2% glutaraldehyde and washed in demineralized 
water. The bacteria were transferred to Formvar- and carbon-coated grids 
and shadowed with platinum (angle 7 or 35°) followed by carbon coating. 
For platinum shadowing of the endosymbiotic methanogens derived directly 
from the host, the ciliates were washed in culture medium. The endosym-
bionts were released by homogenization and fixed subsequently. 
DNA extraction 
Whole-cell DNA was extracted after disruption of the cells in 2% SDS 
and purified according to Marmur (1961). Mol % G+C was determined by 
melting point analysis with a Gilford 250 spectrophotometer coupled to a 
Gilford 2527 thermoprogrammer. 
Analysis of the cell envelope 
Cell envelope fractions were prepared according to König and Stetter 
(1982) and subjected to 5-25% exponential SDS-polyacrylamide gelelectro-
phoresis according to Laemmli (1970) and Mirault and Scherrer (1971). 
After electrophoresis the gel was cut into two pieces, which were stained 
for proteins with coomassie blue and for glycoproteins with periodate -
Schiff stain, respectively (Laemmli 1970). 
Determination of antigenia relationship 
For use as antigen in the indirect immunofluorescent assay, cells of 
the isolated endosymbiont were centrifuged (12,000 χ g) and resuspended in 
0.85% NaCl containing 1.6% (v/v) formalin. Determination of the antigenic 
relationship was performed by Conway de Macario (Conway de Macario et al. 
1982). 
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RESULTS 
Culture of Metopus oontortus 
During the anaerobic degradation of organic material a population of 
ciliates, including M. oontortus developed after two weeks in the lower 
parts of the culture vessel. The highest number of cells (200/nil) were 
found in the pH range of 7.5 - Θ.0 and at sulfide concentrations of about 
5 mM. Below pH 7.0 and at sulfide concentrations higher than 10 mM no 
Metopus cells were found. In cultures exposed to light the ciliates were 
less frequent than in vessels in the dark. Accordingly, the mono-cultures 
of M. oontortus were grown in the dark on the Metopus culture medium 
supplemented with grass. After a lag-phase of 10 days cells started to 
grow with a generation time of 5 days (Fig. 1). A stationary phase was 
reached at a density of 90 cells/ml. During growth the sulfide concen­
tration increased to 2.5 mM. Addition of extra amounts of dried grass 
resulted in a maximum cell density of 200 cells/ml. 
30 
Time (days) 
Fig. 1. Growth of Metopus oontortus in monoculture 
on ciliate culture medium supplemented 
with grass at 20oC. 
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Figs. 2,3 Metopus oontovtus, fixed cells (1.2% 
formaldehyde + 0.3% glutaraldehyde). 
Bars represent 10 μπι. Fig. 2 Bright 
field. Fig. 3 Epifluorescence micro­
graph. The methanogenic bacteria are 
located parallel to the kineties at the 
inner side of the cell. 
Miarosoopy of M. aontortus cells 
The observed M. aontortus cells had a length of 139 ± 13 ym and a 
diameter of 56 ± 11 pm (n = 20) (Fig. 2) . Inside the cell irregular shaped 
particles were visible; under the epifluorescence microscope they showed 
a blue fluorescence which is characteristic for methanogenic bacteria 
(Fig. 3). The fluorescent endosymbionts were located in rows parallel to 
the kineties at the innerside of the pellicle and also along the surface 
of the nucleus. By means of fluorescence microscopy or scanning electron 
microscopy no symbiotic bacteria were observed at the outside of the 
ciliates. After release of the endosymbionts by squashing, the bacteria 
stained Gram-negatively. The number of endosymbionts was determined to be 
about 4,500 per ciliate cell. 
7u 
^•••'•''Tr'-i^· 
Figs. 4 - 9 
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From thin sections the diameter of the endosymbionts was estimated to 
be up to 1.5 pm (Fig. 4). The cell wall had not the typical charac-
teristics of Gram-positive or Gram-negative bacteria, but consisted merely 
of a thin wall layer with a thickness of 11.5 - 17.5 nm without outer 
membrane. The endosymbionts were found in close association with micro-
bodies, consisting of a granular matrix surrounded by a membrane. These 
microbodies possessed the same morphological features as organelles which 
have been described as hydrogenosomes m other anaerobic eukaryotes 
(terkasov et al. 1978; Müller 1980; Yarlett et al. 1983, 1984). No mito-
chondria were detected. The only other intracellular bacteria were 
encountered in various degradation stages in food vacuoles. At the 
anterior pole of the cell electron-opaque material was present, possibly 
storage material (lithosomes) . 
In situ methane production of the endosymbionts 
To verify the identity of the endosymbionts as methanogens a number of 
1480 M. oontortus cells was washed and incubated in a sea-salt medium as 
given in materials and methods. The cells produced methane, whereas 
Figs. 4-8 Electron micrographs. Abbreviations: Ma macronucleus; Mi micro-
nucleus; О microbody-like organel; E endosymbiotic bacterium. 
Fig. 4. Ultrathin section of M. oontortus showing endosymbiotic 
bacteria, microbodies, endoplasmic reticulum and part of the 
micro- and macronucleus. Bar represents 0.5 pm. 
Fig. 5. Platinum shadowed (angle 35°) ghost showing the hexagonal 
subunit structure of the cell surface. Bar represents 0.2 pm. 
Fig. 6. Platinum shadowed (angle 7°) cell of the methanogenic endo-
symbiont, obtained by squashing the M. oontortus cell, showing 
the hexagonal subunit structure. Bar represents 0.2 um. 
Fig. 7. Detail of the isolate, showing a regular inclusion ( } ) , 
showing the cytoplasmic membrane (») and the cell envelope 
( —») . Bar represents 0.05 um. 
Fig. 8. Ultrathin section of the isolate. Note the highly irregular 
cell shape and the different types of inclusions in several 
cells. One of these frequently observed inclusions, with a 
regular structure parallel to the cell membrane ( ) ), is given 
at a higher magnification in Fig. 7. Bar represents 1 um. 
Fig. 9. Phase-contrast micrograph, electronic flash. Exponentially 
growing cells of the isolate. Arrows indicate bacteria 
appearing in profile. Bar represents 5 \im. 
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controls incubated in the same way did not (Fig. 10). Transfer of the 
ciliate cells to fresh medium resulted in methane production in the fresh 
medium and a minor methane production in the original vial, most probably 
as a result of the presence of methanogens originating from disrupted 
ciliates. From these results it is evident that methane production is 
associated with intact ciliates and most likely with the endosymbiotic 
bacteria present. 
Isolation of the methanogenic endosymbiont from M. contortus 
From homogenized ciliates an irregular disc-shaped methanogenic 
bacterium was isolated in pure culture on solid incubation medium. The 
colonies were whitish yellow, convex, circular with entire margin; they 
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had a shiny surface and a diameter of 2 mm after 3 weeks of incubation at 
30°C. In control experiments, liquid and solid culture media were 
inoculated with water in which ciliates were washed before homogenization. 
Growth of fluorescent bacteria was observed only in one out of twenty 
experiments, and the bacteria exhibited the same morphological charac-
teristics as those obtained from the ciliates. 
Apart from the disc-shaped methanogen, which was always present on the 
agar plates, occasionally colonies of a rod-shaped fluorescent bacterium 
were found. This indicates that still another methanogen might be present 
as a symbiont of the ciliate. 
Morphology of the isolated endosymbiont 
In liquid media the isolated bacteria were irregular, non-motile, non-
sporeforming discs with a diameter of 1.6 - 3.4 ym. In a side-view they 
appeared as rods, which were sometimes branched (Fig. 7) . Cells were 
osmotically fragile and lysed immediately when resuspended in water. 
Lysis occurred also in a solution of 0.001% SDS or 0.01% Triton X-100 in 
2% NaCl. Platinum shadowing showed peritrichous flagella or pili. In thin 
sections various cytoplasmic inclusions could be seen (Fig. 8). 
Cell envelope 
Platinum shadowing of the isolated methanogen showed the cells as 
discs with a regular hexagonal surface pattern with a subunit distance -
center to center - of 15.5 nm (Fig. 5). A similar hexagonal surface 
pattern with the same subunit distance was observed for the endosymbionts 
obtained by squashing of M. oontortus cells (Fig. 6). Exponential SDS-
polyacrylamide gelelectrophoresis of preparations of the cell-envelope 
showed several protein bands (Fig. 11). One band was dominating and had 
an apparent molecular weight of 110,000 as determined with co-electro-
phoresis with molecular weight standards. This band also stained with the 
periodate-Schiff reagent, which indicates its glycoprotein nature. 
Growth characteristics 
Growth and methanogenesis were observed with H2/CO2 or formate as 
substrates with generation times of 7 or 12 hours, respectively. No 
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growth was observed on sodium acetate, methanol or trimethylamine. The 
temperature range for growth was between 160C and 36"С with an optimum at 
32°C (Fig. 12). The optimal pH range for growth was 6.8 - 7.3 (Fig. 13). 
Growth was optimal in the presence of 0.25 M NaCl (Fig. 14). The presence 
of 0.1 μΜ tungsten sustained optimal growth, whereas at lower concen­
trations growth and methane production slowed down after an initial start. 
The presence of yeast extract, tryptone soya broth or rumen fluid 
stimulated the growth of the cells. 
1 2 3 
' '! W^Jf 
Jà 
0.25 0.5 0.75 
[NaCl] (M) 
Fig. 14. Effect on added NaCl on 
the generation time of 
the isolate. 
Fig. 11. SDS-polyacrylamide gel. (1,3) Cell envelope preparation of the 
isolate. (2) Molecular weight standards (from top to bottom: 
Phosphorylase В, 92,500 (arrow); BSA-albumin, 68,000; pepsine, 
35,000; cytochrome c, 13,000). (1,2) Coomassie staining, (3) 
Periodate - Schiff staining. 
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of the isolate. 
Щ4 base composition 
The DNA of the isolated strain contained 38.7 mol % G+C as determined 
by the melting point in 10 times diluted saline citrate solution using 
DNA of Escherichia coli HB101 (50 mol % G+C) as a reference. 
Antigenic relationship of the isolate 
The antigenic relationship of the isolate was determined by Conway de 
Macario by using the S probes of a bank of antisera raised against 25 
described methanogens (Macario and Conway de Macario 1983) and also 
against Methanocooeus maripaludis strain WJJ, Methanosphaera stadtmaniae 
strain MCB3, Methanoplanus limicola strain M3 and Methanocooeus 
thermolithotrophiaus strain SNl. There was no reaction of the isolate 
with any of the S probes. 
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DISCUSSION 
An endosymbiont of the marine ciliate Metopus aontortus was studied. 
The endosymbiont was demonstrated to be a methanogen on the basis of a) 
its specific primary fluorescence, b) in situ methane production by a 
population of washed host ciliates, c) the methanogenic activity of the 
isolated symbiont with H2/CO2 or formate as a substrate. 
The cells of the isolated strain MCI were irregular, disc-shaped, non-
sporeforming and non-motile. They showed both in the isolated state and in 
situ a similar morphology and subunit pattern of the cell envelope; the 
differences in cell dimensions observed may be explained by effects of 
growth conditions. A possible origin of the isolated strain from outside 
the M. aontortus cells was improbable since growth media inoculated 
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with the solution in which the ciliates had been washed yielded 
fluorescent colonies only occasionally. Fenchel et al. (1977) described 
the presence of about 28,000 extracellular, rod-shaped bacteria per M. 
oontortus cell, but their identity was not established. On the basis of 
the reported morphology and location these bacteria are apparently 
different from the disc-shaped endosymbiont reported now. 
The calculated volume of the ciliate cells was approximately 2.3 χ 10" 
ml (the ciliate was considered as a cylinder with a coned tip at one side). 
Combined with the estimation of 4,500 endosymbionts present per ciliate 
cell, a concentration of 1.9 χ IO 1 0 methanogens per ml M. contovtus 
cytoplasm can be calculated, which is in the same range as concentrations 
of methanogens (4 χ IO 1 0 per ml) reported for the fresh water ciliate 
Metopua striatus (Van Bruggen et al. 19Θ3). 
Electron micrographs showed the methanogenic endosymbiont in close 
association with microbodies. These organelles had a similar fine granular 
matrix as the hydrogenosomes described in other protozoa (Cerkasov et al. 
1978; Müller 1980; Yarlett et al. 1983, 1984). The close association of 
methanogens with microbodies indicates that these organelles might 
provide hydrogen to the endosymblotic Ha-consuming methanogens. A possible 
transfer of formate from the organelles to bacteria is less likely since 
formate is only a minor product in eukaryotic organisms under anaerobic 
conditions (Abou Akkada and Howard 1960) . 
14. oontortus lacks mitochondria and cytochrome oxidase (Fenchel et al. 
1977), and the hydrogenosomes may function as energy conserving organelles 
which convert pyruvate into hydrogen, carbon dioxide and acetate (Yarlett 
et al. 1983). The symbiosis may result in advantages for both partners. 
The methanogens function as an electron sink in the oxidation steps of the 
carbon flow in the ciliates. The ciliates deliver hydrogen and carbon 
dioxide to the methanogens without mass transfer resistance. Moreover, by 
this close association the methanogens may outrun sulfate reducing 
bacteria in competition for hydrogen. Outside the ciliates the latter 
bacteria would be in a favourable position when present in marine 
environments with sufficient amounts of sulfate (Kristjansson et al. 1982). 
The observed symbiosis of methanogens with the hydrogenosomes of marine 
ciliates may explain the simultaneous sulfate reduction and methanogenesis 
in the upper layer of marine sediments, which was described by Senior et 
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al. (1982). Further studies are required to evaluate the contribution of 
both systems to the total carbon flow in marine sediments. Methanogenic 
bacteria and hydrogenosome-like microbodies are commonly present in all 
anaerobic fresh water ciliates examined so far. This indicates that these 
symbiotic systems are responsible for the total conversion of metabolites 
to carbon dioxide and methane. 
The isolated strain MCI was characterized as a mesophilic, disc-shaped 
methanogen. On the basis of a G+C content of 38.7 mol %, the difference 
from Methanogeniwn species (G+C content 52-61 mol %; Romesser et al. 1979) 
and Methanoaoaaus species (G+C content 31-33 mol %; Dubach and Bachofen 
1985) was obvious. The absence of a reaction of the strain with antisera 
raised against 29 different strains of methanogens and the cellular 
morphology of the isolate supported the conclusion that the isolated 
strain was not described hitherto. Most probably stram MCI is a Methano-
planus species. The cells are thin plates with the same surface pattern 
of the cell envelope as described for Methanoplanus limicola (Wildgruber 
et al. 1982) and also consisting of proteins and a glycoprotein. The G+C 
mol % is in the same range as that of M. limicola (47.5 mol % G+C). 
Furthermore the same substrates are used by both species. 
The only species of Methanoplanus described sofar is M. limicola 
(Wildgruber et al. 1982). However, the strain MCI differs from this 
species in several characters: an optimal growth temperature of 320C 
instead of 40<,C, a mol % G+C of 38.7 instead of 47.5 mol % and the lysis 
of the MCI cells in distilled water instead of the stability of the M. 
limicola cells. Furthermore, the MCI strain requires tungsten and not 
acetate, whereas M. limicola cells require acetate and the need for 
tungsten is not reported. The most indicative difference between the 
isolated strain MCI and M. limicola is the absence of a reaction of MCI 
cells with antiserum raised against M. limicola. 
Based on the observations and characteristics mentioned above we regard 
the isolate MCI as a new species of the genus Methanoplanus; we propose 
the name Methanoplanus endosymbiosus sp. nov. 
Specific description of Methanoplanus endosymbiosus sp. nov. 
Methanoplanus endosymbiosus sp. nov. en.do.sym.bi.o'sus. Gr. adj. endo, 
inside; Gr. ad], symbiosus, living together with, symbiotic. Cells are 
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Gram-negative discs with an average diameter of 1.6 - 3.4 μιη, occurring 
singly. The cell envelope shows a regular hexagonal surface pattern and 
consists of proteins of which one is dominating and has an apparent 
molecular weight of 110,000 dalton. Colonies are whitish yellow, convex, 
circular with entire margin and shiny surface. Formate or hydrogen can 
serve as growth substrate, tungsten is required. Yeast extract, tryptone 
soya broth or rumen fluid are growth stimulating. Growth occurs between 
1 6 ^ and 36°C with optimum at 320C. Optimal pH is 7.0, optimal salt (NaCl) 
concentration is 0.25 M. No growth occurs on acetate, methanol or 
methylamine. Cells are desintegrated by 0.001% SOS or 0.01% Triton X-100 
in 2% NaCl. DNA base composition is 38.7 mol % G+C. Cells are present as 
endosymbionts in the marine ciliate Metopus aontovtus Quennerstedt. The 
type strain is DSM 3599. 
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METHANE PRODUCTION BY ENDOSYMBIONTS PRESENT IN 
CULTURED METOPUS STRIA TUS CELLS 
AND IN PROTOZOA OF THE SAPROPEL 
7 

SUMMARY 
The sapropelic ciliate Metopus striatus was cultivated in a mono­
culture with a generation time of five days under optimal conditions of 
pH 6.5 - 7.5, 20oC and a sulfide concentration of 0.1 mM. The culture 
produced 0.16 nmol СНц/ciliate.day. The numbers of endosymbionts of 
protozoa and free-living methanogens were determined as a function of the 
depth in a sapropelic pool. The methods used did not allow a discrimina­
tion between the contributions of both groups of methanogens to the 
methane production in the pool. 
INTRODUCTION 
All sapropelic protozoa investigated so far, were found to contain 
bluish fluorescent endosymbiotic bacteria (Chapter 2). The first isolated 
methanogenic endosymbiont, Methanobaoteriwri formicLcum strain MSI (DSM 
3636), was obtained from the fresh water sapropelic ciliate Metopus 
striatus (Chapter 3). M. formicioum was also isolated from the amoeba 
Pelomyxa palustris (Chapter 4) and a new species, Methanoplanus 
endosymbiosus, was isolated from the marine ciliate Metopus eontortus 
(Chapter 6). 
Sapropel, consisting of organic detritus and high amounts of sulfide, 
is not well studied (1), and to our knowledge cultivation of sapropelic 
protozoa was never reported. 
This chapter describes the first cultivation of a fresh water sapro­
pelic Protozoon. M. striatus is grown in monoculture and the methane 
excretion is measured. Moreover the presence of sapropelic protozoa on 
different depths of a sapropelic pool is reported. 
MATERIALS AND METHODS 
Organisms 
Metopus striatus was collected with a pipette from a 200-1 aquarium in 
the laboratory. Methanobaaterium formioicim was a gift of Dr. R.S. Wolfe, 
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Urbana, 111., USA. 
Culture media 
Metopus culture medium contained (per liter): NH^Cl, 6 mg; КгНРОц, 6 
mg; СаСІ2.2Н20, 4 mg; МдЗОц.УНгО, 5 mg; KCl, 4 mg; ЫагЗ.ЭНгО, 24 mg and 
NaHCOs, 500 mg. 
Medium 1 of Balch et al. (2), with a gas phase of H2/CO2 (80%/20%), was 
used to determine viable counts and most probable numbers of methanogens 
and methane production by M. formiciaim. 
Culture methods 
M. striatus was cultivated on Metopus culture medium in Carrel (tissue 
culture) flasks (liquid volume 15-20 ml) or in Fernbach flasks (liquid 
volume 1000 ml). Oxygen was removed from the medium by bubbling with 
N2/CO2 (95%/5%). Cultures were fed with a suspension of waste water 
sediment (WWS) containing 5 χ 10θ bacteria/ml. The cultures in Carrel 
flasks were fed every two days with 0.2 ml of the WWS suspension, whereas 
the Fernbach flask cultures received once a week 4 ml of the suspension. 
The concentration of Metopus cells in the culture flasks was determined 
in four 1-ml samples under the dissection microscope, or in case of the 
Carrel flasks, directly by means of an inverted microscope. After 
sampling, or at least once a week, the headspace was flushed with N2/CO2 
(95%/5%). 
Optimum sulfide concentration was determined by comparing survivals of 
50 Metopus cells for 4 days in Carrel flasks containing different sulfide 
concentrations. Optimum temperature for cultivation of M. striatus was 
determined by a count of cells under an inverted microscope after transfer 
of 30 ciliates into Metopus culture medium present in a glass cylinder 
with a height of 5 mm and an internal diameter of θ mm. The cylinder had 
been glued to a microscope glass and was airtightly closed with a cover 
glass. 
Methane excretion by M. striatus and M. formiaicum 
Three thousand Metopus cells were collected under anaerobic conditions 
with a pipette from a Fernbach flask culture and washed in anaerobic 
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Metopus culture medium. Subsequently, the ciliates were transferred to 
serum bottles (volume 60 ml) containing 20 ml of the culture medium and 
0.1 ml WWS suspension. The bottles were closed with butyl-rubber stoppers, 
crimp-sealed, flushed with N2/C02 (95%/5%) and incubated at 20oC. Methane 
production was measured during the incubation as reported earlier (3). A 
bottle without ciliates, containing 20 ml culture medium together with 
0.1 ml WWS suspension, was also incubated and used as control. 
Methane production by cells of M. formicbaum was measured for 24 hours 
in an exponentially growing culture at 20° or 370C. The number of cells 
were counted in a Bürker-Türk counting chamber (W. Schreck, Hofheim/Ts, 
FRG) . 
Sampling site and handling of the samples 
Samples were taken from a pool near Plasmolen, 10 km south of Nijmegen. 
The samples were taken in 11 ml serum bottles, which were opened at the 
indicated depths starting with the uppermost layer, completely filled and 
locked with a butyl-rubber stopper and immediately transported to the 
laboratory. From every sample, subsamples were taken as homogeneous as 
possible and worked up as described below. 
The numbers of protozoa were counted by means of a dissection 
microscope in 0.5 ml of the sample, spotted into a series of drops on the 
bottom of a Petri dish according to the method of Finlay et al. (4). If 
necessary the samples were diluted with filter-sterilized (0.4 \im) pond 
water. The protozoa were identified according to Bick (5), Jankowski (6), 
Kahl (7) and Page (8). 
The number of methanogenic endosymbionts present in the sample was 
calculated by means of the following assumptions. 1) All sapropelic 
ciliates were supposed to contain 2,000 methanogens per cell; this number 
was determined for Metopus striatus (Chapter 3), the most numerous ciliate 
in the sample. 2) The Mastigella species were assumed to contain 22,000 
methanogens per cell (Chapter 5). 3) For Pelomyxa palustris the amount of 
methanogenic endosymbionts was calculated by measuring the diameter of the 
cells and using a mean concentration of 1.2 χ 10 methanogens per ml 
cytoplasm (Chapter 2). 
The concentration of methanogenic bacteria in the sample was calculated 
by means of the most probable number method (9). A dilution series was 
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made in an anaerobic glove box (Chapter 3) by means of a 2.5 ml syringe 
and needle. Diluted samples (0.5 ml) were incubated in triplicate in 
butyl-rubber stoppered 100-ml serum bottles containing 22.5 ml of liquid 
medium 1 of Balch (2). Acetate, formate and H2/CO2 were present as 
substrates for the methanogens. M. formiaioum, which was used as control 
in the dilution range method, had a viable count of 100%. The presence of 
methanogenic bacteria was detected by the determination of methane (3) in 
the headspace after three weeks of incubation at 370C in a shaking 
incubator. 
The rate of methane production by samples collected from the pool was 
determined by incubation of 2.5 ml in a 9-ml serum bottle at 20oC. The 
bottle was closed with a butyl-rubber stopper, crimp-sealed and flushed 
with nitrogen to remove dissolved methane. Methane in the headspace was 
measured at the start and after 24 hours; 0.1 ml ethane was added as a 
reference. Residual dissolved methane was measured in samples treated in 
the same way but incubated after addition of five drops of saturated HgClj 
in order to prevent methane production. 
The dry weight of 2.5 ml of the sample was determined after drying for 
16 hours at 80oC in vacuo, subsequently the inorganic weight of the 
sample was determined after heating for 16 hours at 480oC. 
RESULTS 
Cultivation of Metopus striatus 
The survival and growth of M. atriatus cells depend on the concen­
tration of the medium used. The Metopus culture medium which contains 
only rather low amounts of some salts is given in Materials and Methods. 
If the concentration of the components, except for sulfide and 
bicarbonate, is five times higher all cells die within half an hour. The 
osmotical sensitivity of the cells hampered the use of well-known buffer 
systems for pH control. In order to keep the pH in the optimum range of 
6.5 - 7.2 500 mg ЫаНСОз was used per liter, together with N2/CO2 (95%/5%) 
as gas phase. No inhibitory effect was found at sulfide concentrations of 
0.03 and 0.1 mM, but at a concentration of 2 mM or higher all ciliates 
died within 4 hours. Routinely sulfide was used at a concentration of 0.1 
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üiM. The optimum temperature was around 20°C; at temperatures above 30oC 
all ciliates died within 24 hours. 
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Fig. 1. Growth of W. strtatus in standard culture 
medium in a Fernbach flask at 20oC. 
Fig. 1. shows a typical growth curve of a culture of M. Striatue under 
standard conditions in a Fernbach flask. The cells multiplied with a 
generation time of five days, but growth ceased at a concentration of 200 
Metopus cells/ml. In order to improve the cell yield several experiments 
were performed. Higher concentrations of the food bacteria were added, or 
pure cultures of various bacteria were used, e.g. Pseudomonas aoidovorans, 
Pseudomonas aeruginosa, Chromatium vinosum. Bacillus lioheniformis, 
Rhodo spirillum rubrum and Escherichia coli. 
Other additions to the Metopus culture medium were minerals and 
vitamins (Chapter 3), calf serum, ground dried grass, rumen liquid or soil 
extract. However, none of the additions resulted in an increase of the 
concentration of Metopus cells. Cessation of growth was probably not 
caused by toxic metabolites since the yield was not increased, if the 
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medium was refreshed up to four vessel volumes a day; wash-out of the 
ciliates was prevented by a filter gauze. 
Microscopical observations during growth revealed that most of the 
ciliates were present on flocculated material and were possibly grazing 
on it. However, additon of various solid materials did not increase the 
ciliate concentration either. 
Methane excretion by M. stviatus and M. formiaicum 
The methane excretion by 3,000 washed M. striatue cells is given in 
Fig. 2. No methane was produced in the control containing food bacteria, 
but no ciliates. The methane produced amounts to 0.16 nmol СНц/ 
ciliate.day. 
An exponentially growing culture of M. formiciown produced 0.07 and 
10 
Time (days) 
Fig. 2. Methane excretion at гО'С by 3,0000 washed 
cells of W. etriatus in 20 ml culture 
medium supplemented with 0.1 ml WWS suspen­
sion (·); 20 ml culture medium and 0.1 ml 
WWS without ciliates (•). 
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0.69 pmol СНц/cell.day at 20° and ÌTO, respectively. 
Description of the sampling site 
The samples were taken from a small pool (about 200 m 2 ) , which was 
situated in the shade of trees. The water was stagnant, except for an 
overflow possibility to another pool, and was completely covered with 
Lerma minor. The pond was filled with tree leaves, which were overlaid by 
different types of cyanobacteria, Beggiatoa and algae. During sampling 
the bottom was never reached. The deepest sample taken at 30 cm contained 
almost completely degraded organic material; the dry weight was 17%, 
whereas 14% of the dry weight consisted of organic material. The pH of 
the samples varied between 7.0 and 7.5. 
The presence of protozoa 
Six samples (I-VI) were taken on the same day in October 1985 at 
different sampling sites along the margin 2 meters separate from each 
other. The water temperature was 10oC. The numbers of protozoal species 
found at one sampling site are given in Table 1. For all sampling sites 
Table 1. Number of protozoa per ml at sampling site I 
Species Depth below water surface (cm) 
Metopus striatus 
Metopus es 
Caenomorpha spec. 
Mastigella spec. 
Pelomyxa palustris 
Other sapropelic ciliates 
Non-sapropelic ciliates 
0 
0 
0 
2 
0 
2 
0 
14 
5 
0 
0 
0 
2 
0 
0 
θ 
10 
4 
2 
4 
θ 
0 
6 
10 
15 
6 
6 
4 
2 
4 
2 
8 
20 
0 
0 
0 
0 
0 
10 
0 
25 
0 
0 
0 
10 
0 
0 
0 
the calculated number of endosymbiotlc methanogens are given in Fig. 3. On 
the basis of these results most of the sapropelic protozoa are present 
between 10 and 20 cm depth, moreover the ciliates contribute to a minor 
extent to the total number of endosymbionts. In Fig. 3 also the methane 
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production per ml sample at the indicated depths is given. In general the 
methane production increased with increasing depth. 
Another sample (VII) was taken three weeks later at sampling site II 
(water temperature 40C) and the data are given in Fig. 4. 
The calculated number of endosymbiotic methanogens was highest around 
20 cm depth, whereas free-living methanogens were most numerous in lower 
layers. The measured amount of methane produced by the samples tested at 
20°C was highest in layers which contain most free-living methanogens. 
The percentage dry weight of the samples increased with depth, but the 
organic content decreased to only 14% of the dry weight at a depth of 30 
cm. 
DISCUSSION 
A first cultivation of Metopus striatus is reported. However, the 
highest number of Metopus cells did not surpass 200 cells/ml, but 
preliminary studies did not reveal a shortage of food or micro-nutrients, 
or the accumulation of toxic excretion products. 
The methane excretion rate of M. striatile cells was 0.16 nmol/ciliate. 
day. Since one M. striatus cell contained about 2,000 methanogenic 
endosymbionts (Chapter 3), this value corresponds to a methane production 
of 0.08 pmol/methanogen.day. This is in the same range as the production 
of M. formiaiown cells in pure culture at 20oC and the methane excretion 
rate of Pelomyxa palustris (Table 2) . A much lower CHi, production rate 
was found for the marine ciliate Metopus aontortus. 
In the investigated pool different types of sapropelic protozoa were 
observed with highest numbers between 10 and 20 cm below the water 
surface. The cillâtes were most numerous, but the amoebae contributed to 
the largest extent to the numbers of endosymbiotic methanogens (Figs. 3 
and 4). 
Fig. 3. Numbers of methanogenic endosymbiotic bacteria in a sapropelic 
pool at various depths below the water surface at six sampling 
sites (I-VI) and methane production rate of the samples. 
shaded area: methanogenic endosymbionts present in ciliates found 
whole area : methanogenic endosymbionts in all sapropelic 
protozoa found 
о—о : methane produced by 1 ml of the sample per day. 
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ι 
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СН^ production (pmol/day ml) 
1 1 1 
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Dry weight {%) 
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Organic content (%of dry weight) 
Η 
20 
Samples taken at sampling site II at various depths 
below the water surface. (·—·) Methanogenic bacteria 
present in the sapropelic protozoa found. (•—•) 
Methane produced by 1 ml of the sample per day. 
(·-·) Number of free-living methanogenic bacteria 
determined by a dilution series. И—*·) Percentage 
dry weight, (o-o) Organic content. 
Table 2. Methane production of endo symbiotic and free-living 
methanogenic bacteria 
Methanogens CHi, production rate per cell 
(pmol/day.methanogen) 
Metopus striatus endosymbionts 
Metopus contortus endosymbionts 
Pelomyxa palustris endosymbionts 
Methanobacterium formicicum 20oc 
Methanobacterium formicicum 370c 
'this chapter 
chapter 6 
'chapter 4 
The experimental approach did not show a direct correlation between 
the number of endosymbionts present in sapropelic protozoa and methane 
production. On the other hand neither a good correlation was found 
between methane production and the number of free-living methanogens found 
by determination of the most probable numbers. In this method association 
of methanogens with mud and plant particles might have interfered in the 
determination of the number of cells. 
Further studies performed with more discriminating microbiological 
techniques are needed to reveal the exact contribution of methanogenic 
endosymbionts in the complete anaerobic degradation of organic material. 
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CONCLUDING REMARKS 

In the preceding chapters the results of research on several sapropelic 
protozoa containing endosymbiotic methanogenic bacteria were given. All 
sapropelic protozoa investigated were found to contain methanogenic endo-
symbionts and the list given in Chapter 2 can be updated as given in 
Table 1. The presence of methanogenic endosymbionts is not restricted to 
Table 1. Protozoa containing endosymbiotic bacteria 
Brachonella caduca 
Brachonella campanula 
Brachonella spiralis 
Caenomorpha lata 
Caenomorpha levanderi 
Caenomorpha medusula 
Caenomorpha sapropelica 
Caenomorpha uniserialis 
Cercoboda spec 
Oiscomorphella pedinata 
Epalxella antiquorum 
Lacrymaria cucumis 
Mastigella spec 
Metopus contortus 
Metapus es 
Metopus laminarius 
Metopus striatus 
Pelomyxa palustris 
Saprodiniton dentatum 
(Kahl) 
(Kahl) 
(Smith) 
(Levander) 
(Pénard) 
Jankowski 
Jankowski 
Jankowski 
Kahl 
Kahl 
Perty 
Kahl 
Levander 
Corliss 
Corliss 
Pénard 
Quennerstedt 
O.F.M. 
Kahl 
McMurrich 
Greeff 
Lauterborn 
ciliates and amoebae, but also a flagellate was found to contain blue 
fluorescent endosymbionts. This flagellate (length 29 ym) has two flagella 
(length 16 ym) and is probably a Cercoboda species. Moreover, flagellates 
which contain methanogenic bacteria were found together with several 
sapropelic ciliates in samples taken from a Tanzanian pond. 
One may question in which way both partners profit from the symbiosis 
and whether the symbiosis is an obligatory one. The methanogens obtain 
hydrogen and carbon dioxide from the host; the distance between the 
methanogens and the hydrogen source - most probably hydrogenosome-like 
microbodies - is very short, so mass transfer resistance is low and 
competition with other hydrogen-consuming bacteria is avoided. It is not 
known if the protozoa obtain metabolites from the endosymbionts, but one 
may speculate about a possible delivery of nitrogenous compounds by 
methanogens, which were recently reported (1, 2) to fix nitrogen. Most 
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obviously the host may profit by a decrease of the internal hydrogen-
pressure, making several reactions energetically more favorable (Chapter 
1). For instance reoxidation of NADH via ferredoxine-linked hydrogenase 
is favored over reoxidation by fermentation reactions under such 
conditions (3) and pyruvate may be converted into H2, CO2 and acetyl-CoA, 
the latter being further transformed to acetate via acetyl-P, with the 
production of ATP. This reaction was already described for hydrogenosome-
containing rumen protozoa (4) and for trichomonad flagellates (5). 
The presence of methanogens in the protozoa might even allow the 
oxidation of acetate according to the following equation: 
ι 
СНзСОО
-
 + 4 H 20 >2НСОз" + 4Н2 + Н
+
 Δ0 ο = + 104.6 kJ 1) 
This reaction is energetically favorable only at low hydrogen pressures 
(< 10~5 atm.. Chapter 1), which could be established by hydrogen-consuming 
endosymbionts. Further research is needed to prove this hypothesis. Such 
studies would be facilitated if sapropelic protozoa could be cultivated 
with and without methanogenic endosymbionts. In this context it should be 
noted that endosymbionts are absent in hydrogenosome-containing tricho­
monad flagellates and that episymbiosis of methanogens with rumen ciliates 
appears to be facultative. 
Significance of protozoa in natural systems. 
In contrast to aerobic protozoa, the sapropelic protozoa are not well 
studied in relation to the mineralization process. For instance, in 
experimental systems the bacterial decomposition of hay detritus was 
found to proceed more rapidly in the presence of protozoa (6, 7). These 
results were explained by the suggestion that protozoa release a growth-
promoting substance, whereas Johannes (8) stated that grazing activity 
of the protozoa keeps bacteria in "a prolonged state of physiological 
youth". It has been pointed out that only bacteria and fungi act as 
primary decomposers of structural plant compounds (9). Dead organic matter 
in nature may be too poor in essential nutrients to sustain bacterial 
growth and regeneration of these nutrients may be essential for the 
overall function of the ecosystem. Such recycling will be promoted by the 
interaction between bacteria and bacterial grazers (10) and could be the 
major contribution of the aerobic protozoa in mineralization. 
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In considering the contribution of anaerobic protozoa one must notice 
the lower need of essential nutrients in anaerobic degradation which 
results in a relatively low biomass production. Moreover, at least one 
anaerobic protozoal system is striking: the amoeba symbiosis system seems 
to be well-equiped for the complete degradation of plant material, without 
the use of external bacteria. 
Conversion of acetic acid 
About 70% of the methane produced in anaerobic degradation is derived 
from acetate (11) . Two mechanisms are possible for this conversion. 
Mechaniem I. Acetate is decarboxylated in the aceticlastic reaction: the 
methyl group is converted primarily to methane, the carboxyl 
group to CO2 (12): 
СНэСОО" + НгО > СНц + НСОэ" AG 0 = -31 kJ 2) 
Mechanism II. The reaction proceeds in a two-step process proposed by 
Barker (13). Acetate is converted into H2 + CO2 and methane 
is produced in the second step. 
AG 0' (kJ) 
СНэСОО" + 4H20 > 4H2 + 2НСОэ~ + H + +104.6 1) 
4Н2 + НСОэ" + Н + »СНц + ЗНгО -135.6 3) 
СНэСОО" + НгО »СНц + НСОэ" - 31 2) 
Isotopie labeling studies have demonstrated the conversion of acetic 
acid into methane in anaerobic digestors (14, 15) and in anaerobic aquatic 
sediments (16, 17). The acetic acid consuming methanogens convert acetate 
according to mechanism I and they belong to the genera Methanosorcina and 
Methanothrix (18). However, only small numbers of sarcina-type or 
methanothrix-type methanogens were found in the sediments. A protozoal 
system in which hydrogenosome-like microbodies or thick rods with a 
similar function participate together with methanogens result in an 
acetate conversion according to mechanism II. This mechanism was recently 
described for a thermophilic syntrophic co-culture able to convert acetate 
(18), indicating that acetate conversion according to mechanism II can be 
performed by bacteria, making also bacteria a good candidate for this 
conversion. 
Ill 
Symbiosis 
Many symbiotical partners can be found among bacteria, ciliates, 
amoebae, flagellates, algae, forammiferes, coelenterates, plathelminthes, 
fungi, insects, higher animals, higher plants etc. (19). Corliss (20) 
proposed the term "xenosome" for all kinds of (endo)symbionts with the 
only restrictions being that the xenosome must be an organism or body, 
within an eukaryotic cell, that contains DNA and is bounded by at least 
one membrane. In this definition, the relationship to the host cell may be 
that of a temporary or permanent invader, benign or pathogenic, or of an 
organelle recognized, today, as a normal constituent of the (host) cell's 
cytoplasm. In the latter instances, the evolutionary/phylogenetic 
assumption is made that such cell organelles started out as foreign 
bodies/organisms that invaded cells and ultimately became fully integrated 
with their hosts ' systems. The latter is named the serial endosymbiosis 
theory (21). In this theory the chloroplast was originally a free-living 
blue-green alga and the mitochondrion a free-living aerobic photosynthetic 
bacterium. This theory is based on sequence data of proteins and nucleic 
acids. Since the sapropelic ciliates and especially the sapropelic amoebae 
are very primitive eukaryotes it is worth-while to investigate the place 
of this protozoa in the phylogenetic tree of living organisms. 
The results described in this thesis should be considered as a modest 
contribution in this exciting area of research. 
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SUMMARY 
The introduction (Chapter 1) gives an overview of the properties of 
methanogenic bacteria and a description of the process of anaerobic 
mineralization. Part of the organic material is mineralized in the 
sapropel : an anoxic layer of decaying plant material with high concen-
trations of hydrogen sulfide. This ecosystem harbors the sapropelic 
protozoa which are studied in this thesis in more detail. Several 
reactions in the anaerobic degradation of organic material are 
endorgonic, and are thermodynamically favorable only at extremely low 
hydrogen pressures, which may be established by the presence of 
methanogenic bacteria. This cooperation is called: interspecies hydrogen 
transfer. Such a hydrogen transfer is the basis of the symbiotic inter-
actions described in this thesis and occurring between at one hand rumen 
and sapropel protozoa and at the other hand methanogenic bacteria. 
In Chapter 2 the presence of blue fluorescent methanogenic rods in a 
number of investigated sapropelic protozoa is described. These rods are 
present at concentrations of 1010 cells/ml cytoplasm and are identified 
by means of extraction of specific coenzymes and by demonstration of 
methane excretion by one single cell of the giant amoeba Pelomyxa 
palustris. The symbiosis of protozoa and methanogenic bacteria is the 
first example of endosymbiotic hydrogen transfer. 
Subsequently, the endosymbionts of several protozoa were isolated and 
identified. Chapter 3 presents studies on Metopus striatus. This ciliate 
contains both a Gram-positive and a Gram-negative methanogenic endosym-
biont. The former was isolated and identified as Methanobaoterium 
formicicum. Moreover, the ciliate contains microbody-like organelles, 
most probably hydrogenosomes. 
Two methanogenic bacteria are also present in the giant amoeba 
Pelomyxa palustris (Chapter 4), and one of them was isolated and 
identified also as Methanobaoterium formicicum. Moreover, a non-
methanogenic thick rod with a characteristic axial cleft is present in 
the cytoplasm especially around the nuclei. Attempts to cultivate the 
thick rod are described and its possible metabolic role is discussed. 
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In Chapter 5 an amoeba-flagellate, viz. Mastigella spec, is 
described. Like P. palustris also Mastigella spec, harbors methanogens 
and thick rods as endosymbionts. The thick rods were found in close 
association with the amoebal nucleus, whereas the methanogens were found 
throughout the cytoplasm. The numbers of both P. palustris and Maetigella 
spec, in the sapropel of an aquarium are determined, and the mean concen­
tration of amoeba-derived methanogens in the upper layer of the sapropel 
was estimated to be 1.5 χ IO6 cells/ml. 
Hereafter a ciliate of the marine sapropel (sulphuretum) is presented, 
namely Metopus aontortus (Chapter 6). This ciliate is cultivated in 
monoculture up to a concentration of 200 cells/ml and produced 3.6 pmol 
СНц/ciliate.day. M. aontortus contains an irregular disc-shaped methano-
genic endosymbiont. Isolation and characterization of this symbiont 
revealed that it is a new species, able to use hydrogen and carbon" 
dioxide or formate as substrates for methanogenesis. Salts and tungsten 
are required for growth. Morphology, antigenic relationship and other 
properties established the isolate as a species of the genus Methano-
planus and the name Methanoplanus endosymbiosus is proposed. 
In Chapter 7 cultivation and methane excretion of Metopus striatus is 
described, together with a preliminary investigation of the presence of 
sapropelic protozoa in a fresh water pool. This pool is located in the 
woods and was almost completely filled with leaves. Sapropelic protozoa 
were mainly found in samples taken at a depth between 10 and 20 cm below 
the water surface, whereas the amount of methane produced by the samples 
increased with depth. The role of the protozoa in this pool is discussed. 
Some general remarks are given in the final Chapter Θ. The present 
information is given on the occurrence of methanogenic bacteria as endo­
symbionts in ciliates, amoebae and even in flagellates. It is emphasized 
that all sapropelic protozoa investigated so far contain methanogenic 
endosymbionts. A brief discussion on the role of aerobic and the possible 
role of anaerobic protozoa in the degradation of organic material is 
given. Special emphasis is given to the possible contribution of 
sapropelic protozoa in the conversion of acetic acid into methane. 
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SAMENVATTING 
Methaanbacterien zijn strikt anaëroob en produceren methaan. Dat is 
een reukloos gas, dat bijvoorbeeld in een sloot uit de modder naar boven 
borrelt. Methaanbacterien komen op talloze plaatsen, waar zuurstof af-
wezig is, voor, o.a. in sedimenten van zoet- en zoutwater, rijstvelden, 
de pens van herkauwers, de darmen (bij meer dan 70% van alle mensen) en 
zelfs in de tandplak. 
In dit proefschrift wordt een nieuwe, ecologische niche voor methaan-
bacterien beschreven, namelijk het intracellulaire milieu van anaerobe 
protozoën. 
Het eerste hoofdstuk geeft een algemene inleiding en vermeldt dat 
enkele reacties in de afbraak van organisch materiaal alleen kunnen 
verlopen als de waterstofspanning extreem laag is. Deze lage waterstof-
spanning kan tot stand gebracht worden door de aanwezigheid van methaan-
bacterien, die in staat zijn om waterstof in methaan om te zetten. Deze 
bacteriën kunnen in symbiose met eencellige dieren (protozoën) leven. De 
protozoën produceren waterstof, de methaanbacterien consumeren deze stof. 
De symbiontische interactie wordt "inter-species waterstof overdracht" 
genoemd. Verder beschrijft dit hoofdstuk de karakteristieke kenmerken 
van het sapropel (anaerobe, sulfide bevattende modder), d.i. het milieu 
waarin de bestudeerde protozoën leven, en worden enkele protozoën 
gedetailleerder beschreven. 
Een groot aantal protozoën, die in het sapropel voorkomen, zijn m.b.v. 
een epifluorescentiemicroscoop onderzocht op de aanwezigheid van 
fluorescerende bacteriën (Hoofdstuk 2). In alle onderzochte sapropel 
protozoën waren blauw fluorescerende endosymbiontische bacteriën zicht-
baar, bovendien bleek dat coenzym Гц 2 o, een cofactor die vrijwel uniek is 
voor methaanbacterien en verantwoordelijk voor de blauwe fluorescentie, 
uit de protozoën extraheerbaar te zijn. Dit gegeven, gecombineerd met een 
meetbare methaanproductie door een amoebe, leverde het bewijs dat alle 
bestudeerde sapropel protozoën endosymbiontische methaanbacterien 
bevatten. 
Vervolgens zijn uit diverse protozoën de endosymbionten geïsoleerd. 
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Hoofdstuk 3 beschrijft de isolatie en identificatie van Methanobaaterium 
formici-oum uit de ciliaat Metopus striatus, terwijl in het volgende 
hoofdstuk dezelfde methaanbacterie geïsoleerd wordt uit de amoebe 
Pelomyxa palustris. Beide protozoën bevatten nog een tweede methaanbac-
terie, die niet geïsoleerd kon worden. 
Aangezien de geïsoleerde methaanbacteriën waterstof en koolzuur ge-
bruiken voor hun energiebehoefte ligt het voor de hand dat de benodigde 
waterstof geproduceerd wordt door de gastheer. Inderdaad bleek in de 
ciliaat een organel aanwezig te zijn, dat hoogst waarschijnlijk een 
hydrogenosoom is. Uit de literatuur is bekend dat deze organellen water-
stof produceren. Anders ligt het bij de amoebe, daar werden geen orga-
nellen gevonden, maar werd wel een derde, dikke, staafvormige bacterie 
gevonden. Het ligt voor de hand aan te nemen dat deze bacterie waterstof 
produceert, maar het bewijs kon niet geleverd worden omdat het organisme 
tot nu toe nog niet te kweken was. 
Hoofdstuk 5 beschrijft het onderzoek aan een kleinere amoebe met een 
flagel, een MastigelZa soort. Deze amoebe heeft een endosymbionten popu-
latie, die sterk overeenkomt met die van P. palustris. 
In hoofdstuk 6 onderzochten we een zeewater ciliaat: Metopus 
oontortus. Deze ciliaat werd gekweekt tot aantallen van 200 cellen/ml en 
dit organisme bleek een onregelmatige, schijfvormige, endosymbiontische 
methaanbacterie te bevatten. Deze laatste werd geïsoleerd en bleek een 
tot nu toe onbekende soort te zijn, waarvoor de naam Methanoplanus 
endosynibiosus voorgesteld werd. De endosymbiont consumeert waterstof en 
koolzuur en er werd een nauwe interactie met hydrogenosoom-achtige orga-
nellen van de ciliaat gevonden. De endosymbiont is voor de groei afhanke-
lijk van de aanwezigheid van wolfraam. 
Hoofdstuk 7 beschrijft de kweek en methaanproductie van Metopus 
striatus. Daarenboven werd onderzoek verricht naar het voorkomen van 
sapropelprotozoën op verschillende dieptes in een poeltje, dat bijna 
geheel gevuld was met bladeren en gelegen is in de bossen van St. Jans-
berg (Plasmolen). De meeste protozoën blijken voor te komen op een diepte 
tussen 10 en 20 cm, terwijl het meeste methaan geproduceerd wordt in de 
diepere lagen (dieper dan 15 cm). Verder is gekeken naar een mogelijke 
correlatie tussen vrije - en endosymbiontische methaanbacteriën en de 
methaanproductie. 
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Het laatste hoofdstuk is een algemene discussie. Er wordt benadrukt 
dat alle, tot nu toe onderzochte, sapropel-protozoën methaanbacteriën 
bevatten. Aangezien aerobe protozoën een belangrijke rol blijken te 
spelen in de afbraak van organisch materiaal (met name door het in stand 
houden van een kringloop van micro-nutrienten), spelen de sapropel-
protozoën mogelijk een even belangrijke rol in het anaerobe afbraak-
proces . 
Concluderend wordt gesteld dat de fysiologie van de symbiose verder 
bestudeerd moet worden, om de rol van de sapropel-protozoën in het hele 
ecosysteem nauwkeurig vast te stellen. 
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SLOTWOORD 
Symbiose is niet alleen een ideale manier om methaan te vormen, ook 
een promotie-onderzoek is een symbiose. Vandaar dat ik nu van de gelegen-
heid gebruik wil maken om enkelen te vermelden, die een bijdrage aan dit 
proefschrift geleverd hebben. 
Allereerst Marcel Ruiters, hij heeft als eerste student de spits afge-
beten en o.a. geassisteerd met schilder- en montagewerkzaamheden aan de 
anaerobe incubator, waarna hij kon starten met de isolatie van methaan-
bacteriën op de plaat. Zijn werk werd voortgezet door Maurice de 
Meulemeester, Hannie Kremer (isolatie uit een termiet) en Frans Cremers. 
Enkele andere aspecten van methaanbacteriên werden bekeken door Nico 
Goosen (overgang van sarcina naar coc bij Methanosavcina mazei), Servé 
Kengen (biosynthese-route van het HS-CoM), Maarten Nypels (remmers van 
methaanbacteriên), Gijsbert van Willigen, Wim Somers en Irene Welle 
(metabolisme van een anaerobe flagellaat en onderzoek naar methaanpro-
duktie bij de mens) en Jack Stokkermans, die pensciliaten in mono-cultuur 
bestudeerde. 
Het eigenlijke onderwerp van dit proefschrift startte met de ontdek-
king van blauw fluorescerende staafjes, waarvan de ontdekker nu hopelijk 
ook van de ware identiteit overtuigd is. Een groot deel van dit onderzoek 
aan methaanbacterie-bevattende protozoen werd uitgevoerd door Renée van 
Assema, Els Geertman, Geert van Rens, Sonja Vervoert, Ferd Hermans, Eus 
van Hove en Jeanine van de Wiel. Hekkesluiter was Bert Oehlen, die het 
voorkomen van de protozoen in hun natuurlijk milieu bestudeerde. Iedereen 
wil ik hierbij bedanken voor hun bijdrage aan het onderzoek, hoewel 
helaas niet iedereen al zijn werk in dit boekje zal terugvinden. 
Fried, Claudius en Kor ben ik dankbaar voor de prettige samenwerking 
en alle discussies over de "diverse staafjes" en in het bijzonder 
Claudius en Kor bedankt voor de schitterende licht -, respektievelijk 
electronenmicroscopische opnamen. 
Elma, bedankt voor het vakkundig en toegewijd typen van het manuscript, 
wat vaak neerkwam op letterlijk "spoorzoeken" in de handgeschreven tekst. 
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Huub bedankt voor het puntgaaf tekenen van verschillende figuren in 
de drukke eindfase. 
Verder alle collega's, oud-collega's en studenten bedankt voor de 
prettige samenwerking en vooral ook voor de plezierige, ongedwongen sfeer 
op de afdeling. 
Ook wil ik allen buiten de afdeling bedanken, die op een of andere 
wijze een bijdrage aan het onderzoek geleverd hebben, in het bijzonder 
de glasblazerij en tekenkamer voor hun snelle en prettige service. 
Tot slot, wil ik mijn ouders en mijn vrouw in mijn dank betrekken. 
Mijn ouders, die mij altijd gesteund hebben bij mijn opleiding en daarmee 
een basis gelegd hebben, welke mij uiteindelijk in staat stelde dit 
promotie-onderzoek te verrichten. Zwanetta, jij hebt me alle steun ge-
geven welke ik nodig had, vooral ook in de laatste maanden, die ook voor 
jou enerverend waren en Nina, jij zorgde met je eerste lachjes voor 
ontspanning. 
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S T E L L I N G E N 
I 
Bi} de berekening vein de primaire productie neemt Leonardson ten onrechte 
aan dat cyanobacteriën (blauw-groene algen) ook in licht respireren. 
Leonardson L (19Θ4) Oecologia 63:398—404 
Stanier RY, Cohen-Bazire G (1977) Ann 
Rev Microbiol 31:225-274 
Binder A (1982) J Bioenerg Biomembr 14: 
271-286 
II 
De door Bando et al. beschreven fluorimetrische bepaling van carnosinase 
is noch nieuw noch gevoelig, bovendien wordt ten onrechte geen rekening 
gehouden met quenching door B-alanine. 
Bando К, Shimotsuji Τ, Toyoshima Η, 
Hayashi С, міуаі К (1984) Ann Clin 
Biochem 21:510-514 
Van der Drift C, Ketelaars HCJ (1974) 
Antonie van Leeuwenhoek 40:377—384 
III 
De bijdrage van anaërobe bacteriën aan de bereiding van compost voor de 
champignonteelt wordt ten onrechte verwaarloosd. 
IV 
De ademtest voor methaan leidt tot de onjuiste conclusie, dat slechts bi;j 
50 tot 60 procent van de mensen methaanbacteriën in de dikke darm aanwezig 
zijn. 
B](¡(rneklett A, Jenssen E (1982) Scand J 
Gas t roentero l 17:985-992 
V 
De OECD bio-afbreekbaarheidstoetsen voor xenobiotische stoffen zijn onge-
schikt voor de voorspelling van de bio-afbreekbaarheid van deze stoffen in 
het milieu. 
OECD, Guidelines for testing chemicals, 
Paris 1981 
Larson RJ (1979) Appi Environ Microbiol 
38:1153-1161 
VI 
De Richtlijnen voor Veilig Microbiologisch Werk leiden tot de conclusie 
dat een aantal gangbare practicum-proeven, waarin b.v. Pseudomonas 
aeruginosa en Staphytoaoaaus aureus gebruikt worden, vervangen dienen te 
worden. 
Richtlijnen voor Veilig Microbiologisch 
Werk, Nederlandse Vereniging voor 
Microbiologie 
VII 
Betaling van geïmporteerde laboratoriumbenodigdheden in de valuta, zoals 
vermeld in de betreffende catalogi, zal tot aanzienlijke besparingen 
leiden. 
VIII 
Vervanging van de identieke kleur van achterlichten en remlichten van 
motorvoertuigen door twee verschillende kleuren zal de verkeersveiligheid 
verhogen. 
IX 
De hoge lignine gehaltes, welke Pathe et al. aantroffen in huisvuil in 
India, kunnen alleen verklaard worden door een excessief gebruik van hoog-
waardige, tropische houtsoorten in het huishouden. 
Pathe PP, Alone BZ, Titus SK, Bhide AD 
(19Θ2) Indian J Environ Health 24:8-13 
X 
C'est les microbes qui auront le dernier mot. 
Louis Pasteur 
Nijmegen, 14 maart 1986 Hans van Bruggen 


